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Abstract
The current paradigm in metallic biomaterials research has focused on
biological reactions to wear particles and the cascade by which these reactions
contribute to adverse local tissue reactions, including implant loosening and
pseudotumors. Conversely, in the body, leukocytes can produce an array of
reactive oxygen species (ROS) which may alter the balance of oxidation and
reduction reactions occurring at the surface of the metallic implant, thereby
accelerating corrosion and causing influx of bioactive corrosion products into the
adjacent tissue. Evidence of severe, localized corrosion damage of orthopedic
implants has been documented on retrieved (failed) implants, but remain unable
to be replicated in laboratory testing in biologically relevant models. The goals of
this dissertation are to explore the hypothesis that ROS-based solution chemistry
will significantly affect the corrosion and tribocorrosion behavior of CoCrMo alloys
and to attempt to recapitulate the corrosion, tribocorrosion or other surface
damage mechanisms observed on retrieved hip replacements. In addition, the
interaction of metallic implant surfaces, cathodic potentials and cellular
processes of immune-based cells in vitro were investigated. This work addresses
the specific inflammatory specie hypochlorous acid (HOCl), produced by
neutrophils, and its effect on the electrochemical and mechanical performance of
orthopedic alloys. Electrochemical and impedance testing of CoCrMo alloy
(ASTM-F1537) in HOCl solutions revealed dramatic alterations in the oxide
performance of CoCrMo alloy surfaces as well as increases in corrosion currents
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of up to 3 orders of magnitude and open circuit potential to over 600 mV (vs.
Ag/AgCl) in 30 mM HOCl solutions generating significant surface damage.
Tribocorrosion tests in a pin-on-disk configuration, and head-neck taper junction
fretting corrosion tests both showed up to 5-fold increases in fretting currents in 5
mM HOCl solutions. In in-vitro cell experiments, HOCl was produced by
neutrophils in a mixed-cell population in response to cathodically biased Co-CrMo samples, generating 40.8 µmols HOCl over 2 hours in response to an applied
potential of -1 V (vs. Ag/AgCl) which is a potential achievable during
tribocorrosion processes. In addition to HOCl damage, a standard surgical
technique, electrosurgery, which relies on high voltage alternating currents, was
shown to cause damage to orthopedic alloy disks, reproducing some damage
found on retrieved implants. This observation demonstrates that this common
surgical method may have significant deleterious effects on the implant surfaces
structure and properties. In this work, HOCl has been shown to affect the
tribocorrosion behavior of orthopedic alloys and provides a potential model
system of localized inflammation. Furthermore, the corrosion products caused by
HOCl and electrosurgery damage could activate an aggressive immune
response leading to local tissue damage.
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1.

Background
1.1. Motivation
Metallic alloys have been used as biomaterials for close to a century.

Beginning use primarily in dental applications, metallic biomaterials, since the
1960’s, have expanded into orthopedic, cardiovascular, and other devices 1. In
orthopedic applications, the metals particularly consist of 316L stainless steel,
cobalt-chromium-molybdenum, and titanium-based alloys 2. These metals offer
favorable mechanical properties such as high strength, toughness, and fracture
and fatigue resistance making them ideal for use in load bearing applications
such as total joint arthroplasty (TJA), which is the focus of this dissertation. A
further advantage common to these alloy systems is their exceptional corrosion
resistance, which stems from the presence of a stable, resistive oxide film on
their surface, known as a passive film.
Superior corrosion resistance is often considered the basis of
biocompatibility for these metals3. The standard operating paradigm for
orthopedic, metallic biomaterials has been: “the more corrosion resistant – the
more biocompatible4,” in which case these alloy systems are thought to be
essentially inert. Ideal biocompatibility in orthopedic devices occurs when bone
directly attaches to the implant, without fibrosis, and normal resolution of the
inflammatory cascade3. Recently, concerns regarding the safety of metallic
orthopedic devices have been raised, particularly surrounding the use of
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modular, metal-on-metal devices leading to painful adverse reactions in patients
resulting in the need for revision.
A major theme of metallic biomaterials research addresses the
mechanisms of the biological response to wear debris (metallic particles, metal
oxide particles, etc.) and oxidation products (metal cations, metal oxides, metal
phosphates, etc.). It is currently understood that the inflammatory cascade
resulting from influx of bioactive degradation products into the periprosthetic
space is the primary cause of adverse local tissue reactions (ALTR) 5,6. The
majority of research centered on the interactions of cells with metallic
biomaterials focuses on this one-way viewpoint that implant wear and corrosion
can lead to adverse biological reactions. Conversely, little is known about the
effects of inflammatory environments on metal devices. Activated immune cells
produce and release highly oxidative chemicals known as reactive oxygen
species (ROS)7 which may not only cause tissue destruction8 but also create a
locally corrosive environment around an implant.
Researchers are beginning to document in vivo corrosion of metallic
orthopedic devices that appear to be electrochemically driven rather than purely
tribologically-based9-11. These include pitting, intergranular corrosion,
crystallographic etching, and the newly proposed inflammatory-cell induced
corrosion10,11 associated with total joint replacements (primarily hips). These
modes of damage are primarily located within, or just outside, the modular taper
junctions of devices10.
2

Modular tapers are a design element in total joint replacements (hips,
knees, shoulders, etc.) where a small-angle, conical-tapered metal-metal or
ceramic-metal interface is established to lock components of the joint
replacement implant together12. The materials of the opposing surfaces can be
similar or dissimilar depending on the patient’s needs. Dissimilar metals give rise
to galvanic corrosion process due to the electromotive force difference. Early
studies into this phenomenon, however, suggested galvanic corrosion is not a
significant concern with these devices13. On the other hand, fretting corrosion
and fretting-initiated crevice corrosion have been identified as a serious clinical
concern14 which is governed by mechanical and electrochemical aspects of the
opposing taper surfaces15.
In terms of inflammatory effects of metallic orthopedic implants, modular
taper junctions are locations where concentrations of ROS could reach high
levels due to the restricted geometry and small fluid volume. Often, these types
of corrosion damage are documented with evidence of nearby cell activity, such
as cell remnants or focal adhesions, protein attachments between a cell and
surface10,11. In some cases, corrosion can be found to originate from directly
underneath cell-like objects on the surface of a retrieved implant 11.
The causes of such severe corrosion mechanisms are not clearly
understood but are hypothesized to be the result of inflammatory reactions
creating aggressive local solutions at the implant surface 3,10,16. Thus far there
have been few instances where damage similar to that found on retrievals has
3

been generated in vitro. In these few cases, the damage, mainly pitting and
intergranular corrosion, has been the result of driving the surface to high
overpotentials by an external power source, one study up to 1.8 V (vs. SCE) 17
and another up to 1.5 V (vs. SCE) in a 2% sulfuric acid solution 18. These
conditions are far from biologically-relevant, as corrosion in the body is governed
by solution chemistry alone, rather than being driven by a potentiostat. We will
focus on the ability of the immune system to rapidly alter chemistry of the local
environment and give rise to conditions where such corrosion damage modes
can be induced. Indeed, neutrophils have been found to persist at greatly
elevated levels in patients undergoing revision for pain and ALTR 19. Along with
elevated neutrophil count, elevated erythrocyte sedimentation rate (ESR) and Creactive protein (CRP) are also present in ALTR, which presents a complication
for clinicians because these symptoms closely mimic that of periprosthetic joint
infection (PJI)20. This dissertation will explore the effect of one specific ROS,
hypochlorous acid (HOCl), which is produced during inflammation primarily by
neutrophils, on the corrosion and tribocorrosion behavior of orthopedic alloys.
1.2. Electrochemistry Basics
Corrosion is governed by both oxidation and reduction reactions.
Oxidation reactions at a metal surface in contact with solution will strip electrons
from metal atoms, resulting in metal cation release into solution (ionic dissolution,
Eq. 1) or metal oxide formation on the surface (passivation, Eq. 2).
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𝑀→𝑀

+ 𝑛𝑒

𝑎𝑀 + 𝑏𝐻 𝑂 → 𝑀 𝑂 + 2𝑏𝐻 + 2𝑏𝑒

Eq. 1
Eq. 2

Consequently, electrons liberated from the metal species are released into the
surface and must be consumed by reduction reactions, for example through
reduction of oxygen and water at the surface.
𝑂 + 𝐻 𝑂 + 2𝑒 → 2𝑂𝐻

Eq. 3

For multiple electrochemical reactions occurring simultaneously at a
surface, the total oxidation and reduction currents must balance. That is, the rate
of generation of electrons equals the rate of consumption at equilibrium, in the
absence of an external sink or source21. This is known as the “mixed potential
theory21.” The result is each half-cell reaction must polarize, or change potential,
to some intermediate value creating a common surface potential at which the
total oxidation currents are balanced by the total reduction currents 21. The new,
common surface potential is known as the corrosion potential (Ecorr), also called
the open circuit potential (OCP). The corresponding rate of reaction, or current
since the rate is governed by the flow of electrons, is known as the corrosion
current (Icorr). This concept is usually visualized on an Evan’s Diagram, which is
a plot of potential versus Log base 10 of the current density, mapping the
potential-current relationship of each half-cell.
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Table 1.1. Standard electrode potentials
for selected reactions.

The complete set of reactions
occurring on a surface can be separated
into oxidation and reduction “half-cell”

Reaction

Eo (V)

𝐴𝑢 + 𝑒 ↔ 𝐴𝑢

1.692

𝑃𝑡

reactions, each with their own standard

+ 2𝑒 ↔ 𝑃𝑡

1.18

𝐴𝑔 + 𝑒 ↔ 𝐴𝑔

0.7996

𝐶𝑢 + 𝑒 ↔ 𝐶𝑢

0.521

𝑂 + 2𝐻 𝑂 + 4𝑒 ↔ 4𝑂𝐻

0.401

potential of an electrode surface controls

2𝐻 + 2𝑒 ↔ 𝐻

0.000

which chemical species can undergo

𝐶𝑜

+ 2𝑒 ↔ 𝐶𝑜

-0.28

oxidation and reduction. Net oxidation

𝐶𝑟

+ 3𝑒 ↔ 𝐶𝑟

-0.744

𝑇𝑖

+ 2𝑒 ↔ 𝑇𝑖

-1.630

𝐴𝑙

+ 3𝑒 ↔ 𝐴𝑙

-1.662

𝑀𝑔

+ 2𝑒 ↔ 𝑀𝑔

-2.372

electrode potential as compared to the
standard hydrogen electrode (SHE). The

occurs if the surface potential is above the
equilibrium electrode potential for that halfcell reaction, while reduction will occur if

the surface is below this potential. The equilibrium potential, 𝐸

is related to the

standard electrode potential, 𝐸 by the Nernst equation:

𝐸

=𝐸 +

[𝑂]
𝑛𝐹
𝐿𝑜𝑔
[𝑅]
𝑅𝑇

Where [O] and [R] are the concentrations oxidized and reduced forms,
respectively, of the half-cell reaction species.
A list of a selection of standard electrode potentials, known as an
electromotive force chart, is listed in Table 1.1 as standard reduction potentials.
Metals with more positive potentials are known as “noble” metals and include
gold and platinum. It is interesting to note that the metals used in biomaterial
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alloys primarily fall on the “active,” or negative, end of the electromotive force
spectrum and therefore possess a high driving force for oxidation.
To fully understand corrosion in solution, we need not only consider
thermodynamic driving forces, but must also consider a kinetic description of
charge transfer across the interface. The major alloy systems of Ti, CoCrMo, and
316L SS, are spontaneously covered by a stable, adherent metal-oxide thin film
when exposed to oxygen (as molecular oxygen or water)2. This oxide layer (TiO2
on Ti-alloys and Cr2O3 on CoCrMo and 316L SS) is typically under 10 nm thick
and provides a kinetic barrier to corrosion by restricting the transport of electrons
or cations to the solution, or anions from the solution to participate in redox
reactions21. Ions continue to migrate under an electric field through the oxide into
solution, but at greatly reduced rates, of up to 10 6 lower than an actively
corroding metal21. Passivated metals have a unique polarization behavior, where

Figure 1.1. Evan’s diagram examples for an ideal (A) and passivated (B) metal. In A,
where the metal oxidation and oxygen reduction rates are equivalent is the open
circuit potential (OCP) and the corrosion current density (𝑖
). Only the metal
behavior is shown in B where the vertical portion of the curve is the passive region
where a stable, resistive oxide has formed on the surface.
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a region exists (known as the passive region) where increases in potential do not
result in increased current, as seen on an Evan’s diagram where the plotted line
is vertical for this portion of the graph21 (see Figure 1.1).
The passive nature of the oxide film covering metallic biomaterials is
generally characterized by its impedance behavior (i.e., resistive and capacitive
characteristics). The impedance of an electrode-electrolyte interface can be
thought of as an electrical circuit comprised of resistive and capacitive elements
connected in series or parallel21. The typical configuration consists of a resistor in
parallel with a capacitor, representing the charge transfer and charging
processes at the interface, respectively, together in series with a resistor which is
governed by the solution resistance2. This is known as a Randle’s circuit, and is
a good approximation for most electrode surfaces 2. In real metallic biomaterials,
the capacitor is replaced by a “constant phase element” (CPE) which accounts
for the heterogeneity of capacitive and resistive effects across the surface 2. The
resistance of the surface, measured by electrochemical impedance spectroscopy
(EIS), provides a description of the stability and passive character of the oxide
film. The typical passive films on metallic biomaterials have impedance
characteristics that are highly resistive and also highly capacitive. This is due to
the thin semiconducting nature of the oxides. Limited charge transfer and
significant charging occur at these oxide thin films under typical passive
electrode conditions.
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Metallic biomaterials in the body are susceptible to abrasion, whether by
design (bearing surfaces) or by consequence (fretting corrosion within tight-fitting
modular taper junctions). The concept that mechanical factors can drive
corrosion processes is known as mechanically assisted corrosion (MAC), or
tribocorrosion22. When the oxide film is disrupted, the underlying bare metal will
undergo rapid oxidation releasing metal cations and undergoing repassivation
reactions to reform the oxide film, which occurs according to the lowtemperature, high-field growth model presented by Cabrera and Mott 23, and
Guentherschulze and Betz24. As a result of the rapid evolution of electrons from
the passivation reactions, a capacitive charging-based transient voltage drop
occurs at the surface until the electrons can be consumed by reduction
reactions2. Disruption of the oxide film in the body results in both ion and wear
particle debris release into the adjacent tissue2, all of which will participate in
their own sets of corrosion reactions in addition to interacting with biology.
Often, the importance of reduction reactions is neglected in discussions of
corrosion of metallic biomaterials. According to the mixed potential theory21
outlined above, a greater capacity for reduction within a solution (for example, by
adding a stronger oxidizer) leads to increased oxidation by driving the potential
more positive and/or increasing the defects in the oxide film thereby increasing
the net corrosion rate. Typically, the concept is only presented as the simplified
view considering the reduction of water (Eq. 3) as the only source of cathodic
current. In the biological milieu, however, many electrochemically active species
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are present which are capable of participating in reactions at an implant surface,
including: ROS, proteins, and enzymes. In a sense, the body possesses its own
natural arsenal of oxidizing agents responsible for a host of cellular activities
including maintaining redox homeostasis (glutathione) 25 and producing energy
(adenosine triphosphate ATP synthase)26, for example. The immune system also
makes extensive use of redox chemistry to protect the body, outlined below,
potentially affecting the corrosion of orthopedic alloys by altering the local
solution chemistry towards one of higher oxidative capacity. Indeed, researchers
have recently shown that in joint fluid taken from patients undergoing knee
revision surgery, CoCrMo and Ti alloys showed elevated OCP and reduced oxide
resistance scaling with the level of observed inflammation 27.
1.3. Inflammation and ROS Generation
Immune cells develop from the hematopoietic stem cell (HSC) and
differentiate towards either a myeloid or lymphoid lineage, each with specific
roles within the immune system 28. After initial implantation, the acute
inflammation stage is marked by neutrophil (polymorphonuclear leukocyte, PMN)
infiltration29. Neutrophils are “first responder cells” responsible for initial
pathogen/invader elimination through release of lytic enzymes 30 and ROS31 and
further cell recruitment through release of chemokines (chemoattractant
cytokines) such as CCL2 (monocyte chemotactic protein, also MCP-1) and CCL4
(monocyte inflammatory protein, also MIP-1β)32.
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The next stage of the immune response is known as chronic inflammation
and is dominated by the presence of mononuclear phagocytes (macrophages,
originating from monocytes) and lymphocytes29. Initially the “pro-inflammatory,”
M1 macrophage phenotype dominates to clean the area of particles, pathogens,
and necrotic debris6. Later the macrophage population generally shifts to the M2,
“anti-inflammatory” phenotype which work to suppress the inflammation cascade
and begin the steps toward reaching homeostasis within the tissue 6.
In addition to the classical view of the wound healing response, metallic
biomaterials present a unique challenge to the immune system because they can
continue to produce corrosion products and wear debris which serve to activate
local immune cells. Wear particles introduced into the periprosthetic space will be
immediately coated by proteins, which are then identified by the body to direct a
proper response33. Immunoglobulin gamma (IgG) and Lipopolysaccharide
(LPS)34, both of the opsonin class of proteins show high affinity for wear particle
surfaces, labeling the particle for clearance by the mononuclear phagocyte
system. IgG and LPS are recognized by αM/β2 integrin and toll-like receptor
(TLR)35 pathways, respectively, in monocytes and macrophages leading to
activation and downstream cell recruitment. Likewise, metal ions released from
biomaterial alloys have been shown to trigger a release of a host of proinflammatory cytokines including tumor-necrosis factor-α (TNF-α) and interleukin1β (IL-1β)36.
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Immune cells eliminate foreign bodies through the production of reactive
oxygen species (ROS) which can be secreted externally or contained internally
within lysosomes. Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase is the electron transport structure responsible for initiating ROS
production through the reduction of 𝑂 into the superoxide anion37. 𝑂∙ serves as
the substrate for superoxide dismutase (SOD) which generates hydrogen
peroxide, 𝐻 𝑂

38.

Due to recent findings of an elevated neutrophils population in

patients in need of revision19, these cells are of particular interest to this work.
Neutrophils possess a unique enzyme, myeloperoxidase (MPO), which produces
hypochlorous acid (HOCl) through a catalytic reaction of 𝐻 𝑂 with abundant Cl39.

A further consequence of the presence of 𝐻 𝑂 is the ability for it to participate

in Fenton-Haber Weiss reactions with iron cations to produce the hydroxyl
radical, 𝐻𝑂∙ 40. The half-cell reactions of these selected ROS are presented below
along with their respective standard electrode potentials (vs NHE).
𝐻𝑂∙ + 𝑒 + 𝐻 ↔ 𝐻 𝑂

2.31 V

Eq. 4

𝐻𝑂𝐶𝑙 + 𝐻 + 2𝑒 ↔ 𝐶𝑙 + 𝐻 𝑂

1.482 V

Eq. 5

𝐻 𝑂 + 2𝑒 + 2𝐻 ↔ 2𝐻 𝑂

1.35 V

Eq. 6

𝑂∙ + 𝑒 + 2𝐻 ↔ 𝐻 𝑂

0.91 V

Eq. 7

Clearly these ROS possess high potentials for oxidation and will
spontaneously react in the presence of oxygen in the body. ROS are known to
cause protein cleavage41, lipid oxidation42, and DNA damage43 resulting in
12

altered cell function and carcinogenesis. Long-term presence of any of these
highly oxidative ROS could create severe damage to local tissue.
A clinical concern surrounding total joint arthroplasty is the presence of
adverse local tissue reactions (ALTR) in the periprosthetic space. ALTR consist
of a set of painful hard and soft tissue reactions which lead to revision of the
implant and are currently understood to be a result of cellular reactions to
corrosion products (metal cations) and wear debris (metal, metal oxide, and
polyethylene particles) through a multitude of cellular pathways. In a clinical
setting, corrosion debris typically presents as dark deposition around the headneck taper junction44. Researchers have shown a relationship between the
severity of ALTR and the degree of corrosion observed in failed implants and the
level serum ions45.
Clinical descriptions and diagnoses of the various ALTR are discussed
elsewhere; the following is a brief review of these reactions. Pseudotumors are
soft-tissue lesions with cystic and necrotic properties resembling necrotic tumors.
Pseudotumors generally contain high amounts of wear particles as well as large
populations of M1 macrophages within the tissue. External to the lesion, serum
ion measurements have shown an elevated level of Co and Cr ions systemically.
Also in the soft tissue, aseptic lymphocyte-dominated vasculitis-associated
lesions (ALVAL) is marked by the presence of vascular endothelial swelling
caused by lymphocyte infiltration46. ALVAL is thought to be caused by a type IV
delayed hypersensitivity reaction to metal ions, specifically, and is not generally
13

associated with high wear rates46. Osteolysis is a hard-tissue effect in which
overproduction of osteoclastogenic factors leads to accelerated resorption of
bone at the bone-implant interface resulting in implant loosening47.
1.4. Electrosurgery
A closer inspection of retrieved implants reveals evidence of two distinct
populations of damage, suggesting multiple modes of damage for implant
surfaces in the body. The first mode has been discussed above and is the severe
corrosion-based damage mechanisms located very near the taper junction
engagement10,11. The second mode is not location specific and does not
resemble normal corrosion damage 16. Instead, it appears more like electricallydriven damage as would be seen in applications where an arc discharge
interacts with a metal surface, either intentionally (electrical discharge
machining)48 or not (vacuum arc discharge)49.
There is a source of electrical energy present in the operating room that
has become a standard instrument across all fields of surgery. Introduced in
modern form in 1926 by Bovie and Cushing, the electrosurgical generator
provides a closed circuit, alternating (AC) current which delivers a highly
localized pulse of energy to effect tissue50. As opposed to methods of direct heat
application (electrocautery), in electrosurgery the tissue acts as a resistor in the
circuit, rapidly generating heat in response to the high frequency current,
minimizing nonspecific damage51. The effect of the current on the tissue is
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governed by the specific waveform applied which is controlled by the mode of
operation selected51, which in general fall into modes designed to cut, coagulate,
or achieve both simultaneously. Coagulation, is the most common use of the
electrosurgical generator, due to the ease, safety, and speed by which
hemostasis can be achieved50. Coagulation occurs almost instantaneously as
potentials of up to 5 kV are applied to tissues at frequencies of over 500 kHz 51.
Operation of a high-voltage, high frequency current near metal alloys, as
in TJA, could pose a risk to the implant which may also be subjected to the
electrical energy. Electric fields are well understood to damage metal surfaces,
usually as a result of a near-surface plasma generated by an arcing event
causing localized surface evaporation and deposition. In two case studies,
damage from electrosurgery was implicated in causing stress-induced cracking
failure of titanium femoral necks52,53. Beyond those two case studies, however,
little has been presented in terms of the possibility of damage to orthopedic
implants because of electrosurgical currents.
1.5. Goals
To date, researchers have been unable to duplicate the severe (nonfretting) corrosion (e.g., pitting corrosion, thick oxide film development,
intergranular corrosion, oxide-induced stress corrosion cracking) observed on
retrieved orthopedic devices in biologically-relevant test conditions. We
hypothesize that ROS released by immune cells can influence the corrosion and
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tribocorrosion behavior of orthopedic alloys creating damage of the types
documented in retrieval studies. Typically, research surrounding immune cells
and metallic biomaterials focuses on the effect of wear particles and metal ions
on the activation and recruitment of immune cells in the context of how these
processes contribute to ALTR.
We intend to shift the field into a two-way view that not only does wear
and corrosion cause biological reactions, but conversely, biological responses,
particularly inflammation, can cause accelerated wear and corrosion. In this
scenario, reaction to inflammatory initiators may create conditions leading to
increased corrosion and wear of the implant, causing further release of wear
particles and metal ions. We hypothesize that ROS released into the joint fluid
will increase the oxidizing power of the solution both locally within the taper and
throughout the capsule, increasing the rate of corrosion of orthopedic alloys.
Further, exposure to increased corrosion reactions and degradation products
may trigger further inflammation around the implant. This positive feedback loop
would be a new way to understand the complex interplay of local tissue with
implanted metallic biomaterials. A long-term presence of active neutrophils
adjacent to the implant could cause severe, local environments leading to
damage of the alloy surface.
Furthermore, this dissertation will explore the ability of electrosurgical
currents used in the operating room to directly damage orthopedic alloy surfaces.
We will examine the extent to which any resulting damage compares to the types
16

found on retrieved implants. It is important to explore the possibility of significant
damage occurring at initial implantation, as this damage could affect the ultimate
performance of the implant.
The overall goals of this dissertation are the following:
1. Experimentally investigate the direct effects of the inflammatory specie
hypochlorous acid on the corrosion and tribocorrosion behavior of
metallic orthopedic implants and CoCrMo alloy surfaces.

2. Evaluate HOCl solutions, electrosurgical currents, and activated
immune cell cultures as in vitro models to reproduce the damage
observed in highly corroded CoCrMo retrieved implants.
3. Assess the ability of fretting corrosion processes, particularly cathodic
voltage excursions arriving from tribocorrosion, to activate neutrophils
to release HOCl.
These goals are aimed to address the gap in knowledge surrounding the
source of damage occurring in vivo that has been documented on retrieved
implants. Furthermore, we will assess the nature by which release of HOCl from
neutrophils could affect the implant performance, focusing on the effects on the
alloy. Finally, we will explore the ability of cathodic potentials, known to arise
during tribocorrosion processes, to stimulate release of HOCl from neutrophils in
mixed-cell populations.
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1.6. Specific Aims
The following specific aims were developed to address the above goals
and explore the link between inflammation, ROS, electrosurgery, and surface
damage of metallic orthopedic biomaterials:
1. Assess the concentration-dependent effect of HOCl on the corrosion
response and surface damage of orthopedic alloys.
Corrosion characteristics and oxide behavior will be determined by
immersion in HOCl-saline solutions of varying concentration.
2. Assess the fretting corrosion behavior of orthopedic alloys in pin-on-disk
and modular taper implant configurations in the presence of HOCl.
Fretting corrosion (pin-on-disk and implant) tests will assess the
effect of HOCl on the fretting corrosion.
3. Replicate surface damage modes, in vitro, to assess the presence of the
direct inflammatory cell induced corrosion attack using activated
phagocytic cells and/or electrosurgery on orthopedic alloys.
Inflammatory cells will be isolated, cultured, and stimulated directly
on metal coupons to induce direct cell attack. Additionally,
electrosurgical currents will be applied directly to alloy surfaces.
These surfaces will be evaluated for signs of direct attack and
compared to damage from retrievals.
4. Use electrochemical cell culture methods to investigate the mechanisms
of inflammatory cell activation by fretting corrosion processes.
18

HOCl generation will be measured for various inflammatory cell
types in response to electrochemical stimulus in vitro. This includes
studying the effects of exposure to cathodic potentials on CoCrMo
samples.
1.7. Significance
Metal alloys will be used in orthopedic devices for the foreseeable future
due to their ability to withstand the mechanical demands of total joint
replacements including millions of cycles of cyclic loading, tribological, and
tribocorrosion interactions. Therefore, it is important to understand the full
complement of interactions of these metallic surfaces with the local tissue. This
must include, not only the effect of ions and wear particles on biological
processes, but also the effect of biological processes, particularly inflammation,
on the overall corrosion of the implant. It is well understood that inflammation
results in harsh chemical environments intended to eliminate foreign bodies 7. An
understanding of how these local inflammatory chemistries influence the
electrochemical processes on the surface of metallic biomaterials would provide
a more complete description of the effect of the biological environment on
biocompatibility. For example, CoCrMo could be a perfectly inert material in the
body, until oxidizing solutions created by immune cells releasing ROS locally
disrupt the stability of the oxide film, causing a measurable bolus of Co and Cr
ions from the surface into the local tissue eliciting ALTR. Neutrophils within an
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inflamed joint are hypothesized to cause local HOCl concentrations of up to 50
mM in response to infection54.
The ability to reproduce the modes and extent of damage that occurs in
vivo 10,11 is an important step in improving the quality of life for patients by
reducing their chance of suffering painful symptoms. Currently, testing of
biomedical implants occurs in solutions based on isotonic saline, typically also
containing inorganic buffering salts as in phosphate buffered saline (PBS),
Hank’s balanced salt solution (HBSS), or Ringer’s solution which have a pH
around 7.42. Additions of serum to test solutions have been used in an attempt to
improve the biological relevance but have still failed to cause severe corrosionbased damage2 sometimes observed in vivo. Finding experimental solutions and
conditions that can reproduce this damage would allow for an in vitro model to
test implants in simulated inflammatory conditions to evaluate performance of
new and existing designs in the presence of inflammation. The nature of the
corrosion products and wear debris could be altered as the potential of the
surface changes, resulting in more harmful products, such as Cr(IV), coming out
of the surface. The ability to study these factors in vitro would improve our
understanding of the interactions of metallic biomaterials and the body.
Finally, the notion that a standard surgical technique, electrosurgery, may
be causing damage the implant surfaces is important to explore. Again, damage
created as a result of interaction with the electrode tip may alter the surface
chemistry, corrosion resistance, create increased roughness of bearing surfaces,
20

and affect how the device interacts with local biology. In this case, an immediate
change could be made to take more care to avoid contact with the implant or
protect the surface by some other means during the surgery.
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2.

The effect of the inflammatory specie hypochlorous acid on the

corrosion and surface damage of CoCrMo alloy
2.1. Introduction
Neutrophils have been shown to exist at elevated levels within synovial
fluid aspirates of patients undergoing revision surgery for ALTR19. Nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, superoxide dismutase (SOD),
and myeloperoxidase (MPO) all work together in neutrophils to ultimately
produce the highly oxidative ROS, hypochlorous acid (HOCl). A summary of
ROS production in immune cells can be seen in Figure 2.1. HOCl is a potent
oxidizing agent, increasing the capacity for reduction reactions in the solution.

Figure 2.1. Schematic of ROS production within phagocytes beginning with
NADPH-oxidase located at a lysosomal, or cell, membrane. MPO is mainly located
in neutrophils leading to HOCl formation. Figure adapted from 3.
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The increase in the rate of reduction will serve to further drive corrosion by
increasing the rate of oxidation, according to the mixed potential theory21.
The recent documentation of corrosion damage generated in vivo is
hypothesized to be a result of inflammation around orthopedic devices 10,11.
Examples of damage similar to those reported in the literature are shown in
Figure 2.2. Damage on the magnitude of that found on retrievals has not been
easily duplicated in the laboratory experiments under biologically relevant
conditions. One group produced intergranular corrosion by driving the surface
potential study up to 1.8 V (vs. SCE)17, while another group caused surface
damage by applying up to 1.5 V (vs. SCE) in a 2% sulfuric acid solution 18.
Clearly, the surfaces of CoCrMo alloy must reach high potentials to create
corrosion damage such as intergranular corrosion and pitting. In the body, the
surface potential is established by balance of oxidation and reduction reactions 21,
rather than control by an external power source.

Figure 2.2. Scanning electron microscope (SEM) images of examples of severe corrosion
damage near the taper junction on retrieved CoCrMo heads. Note the extensive
intergranular corrosion along with pitting and the cell-like features within the field of view.
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The ROS produced by immune cells may provide the necessary driving
force to raise the surface potential and drive corrosion in a biologically-relevant
manner. Recently, the presence of hydrogen peroxide (H2O2), an ROS produced
by SOD in immune cells, and ferrous ions in phosphate buffered saline (PBS)
solutions was shown to cause increased corrosion currents for Co-Cr-Mo
samples, found by anodic polarization testing 55. The increased corrosion currents
were due to Fenton-type reactions with H2O2 and Fe2+ producing the very
reactive hydroxyl radical (HO*), increasing oxidation at the surface 55. Similarly, in
H2O2 solutions, the resistance of Ti-6Al-4V surfaces was shown to decrease
about 3-orders of magnitude while the OCP and Icorr increased56.
We hypothesize that ROS can alter the electrochemical processes at an
implant surface, particularly near the boundaries of a modular taper junction
where restricted geometries can lead to high concentrations of oxidants. This
study will explore the effect of one specific ROS, hypochlorous acid (HOCl),
which is produced during inflammation primarily by neutrophils, on the corrosion
of CoCrMo and Ti-6Al-4V alloys. Further, the capacity of HOCl to cause surface
damage to CoCrMo disks will be evaluated, and any resulting damage will be
compared to the modes found on retrieved devices.
2.2. Materials and Methods
Wrought Co-Cr-Mo (ASTM F-1537) and Ti-6Al-4V (ASTM-F136) sample
coupons were polished on 240, 320, 400, and 600-grit wet SiC paper and
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sonicated in deionized water for 15 min to remove any polishing debris on the
surface. The disks were assembled into a homemade electrochemical chamber
to serve as the working electrode along with an Ag/AgCl reference and carbon
rod counter electrodes. The test surface exposed to the solution measured 6.16
cm2. Due to its instability, a fresh HOCl in PBS solution was made immediately
prior to each test. First, an HOCl base solution was made by adding hydrochloric
acid (HCl, Sigma Aldrich, St. Louis, MO) dropwise to 5 mL of sodium hypochlorite
(Fisher Scientific, Hampton, NH) until reaching a biologically relevant pH of 7.4.
Since HOCl has a pKa of 7.5, this base solution contained roughly equal
concentrations of HOCl and -OCl. Next, 100 mL test solutions of various
concentrations were produced by adding known volumes of the stock solution to
a balance of PBS and mixing well. This final test solution was then immediately
added to the electrochemical chamber and the test sequence initiated. Solutions
of 0.1, 0.5, 1, 5, 15, and 30 mM HOCl were made using this process.
Electrochemical testing was performed using a Solatron 1380B
potentiostat (Solatron Analytical, Hampshire, UK) controlled by CorrWare and
ZPlot software (Scribner Associates, Southern Pines, NC). First, open circuit
potential (OCP) of the system was monitored over 2 hr through passive
measurement of potential. Then, electrochemical impedance spectroscopy (EIS)
was performed by applying a 10 mV amplitude sine wave centered on OCP with
the frequency being swept from 20,000 Hz to 0.01 Hz. Then, an anodic
polarization test was run beginning 200 mV cathodic of OCP and sweeping to
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1000 mV (vs. Ag/AgCl) at a rate of 0.167 mV/s. The results of the anodic
polarization tests were plotted and analyzed using a Tafel fit in CorrView
(Scribner Associates) to reveal the OCP and corrosion current density (i corr). EIS
results were viewed and fit using the program’s non-linear least squares fitting
algorithm to a Randall’s circuit with a constant phase element (CPE) in ZPlot
(Scribner Associates) to gain insight into the oxide behavior of the samples in the
various test solutions. Values for Rp, C and the CPE exponent were obtained. A
minimum of 3 tests were run for each condition and compared by analysis of
variance (ANOVA) and post-hoc Tuckey’s significance test (T-test).
Damage was evaluated as a result of immersion in HOCl-containing PBS
solutions as a model of simulated exposure to aggressive inflammatory
conditions. Disks were polished to a mirror finish in successive alumina solutions,
down to 0.05 µm. Polished disks were submerged in 50 mM HOCl solutions for
up to 5 days, then sonicated for 30 min to remove loose corrosion debris from the
surface. The solutions were changed daily to ensure active HOCl was present.
Imaging was conducted on a digital optical microscope (DOM, Keyence America,
Itasca, IL) and a Hitachi S3700 scanning electron microscope (SEM, Tokyo,
Japan). Energy dispersive spectroscopy (EDS, Princeton Gamma Tech,
Princeton, NJ) and x-ray photoelectron spectroscopy (XPS, Physical Electronics,
Chanhassen, MN) were also conducted to reveal the chemical composition of the
surface oxide and collected corrosion products. XPS testing was conducted on 3,
small, 1 cm diameter, mirror polished CoCrMo disks immersed in neutral PBS, 1
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mM, and 50 mM solutions for 2 hours. 50 mM solutions were also investigated at
pH 1. The XPS measurements were made with a monochromatic Al Kα x-ray
source at a take-off angle of 45°, 11.75 eV pass energy, and 20 µm probe size.
The peak locations and heights were identified by curve fitting in MultiPak
software (Physical Electronics).
2.3. Results

Figure 2.3. Anodic polarization of CoCrMo samples in PBS solutions containing
increasing amounts of HOCl, up to 30 mM.

Anodic polarization testing revealed significant changes in the overall
corrosion behavior of CoCrMo alloys (Figure 2.3). The polarization curves show
an immediate shift to more positive potentials in concentrations as small as 0.1
mM HOCl, and beginning with 5 mM solutions, there is also a shift towards
higher currents. The polarization response at each HOCl concentration, while
starting with a more positive OCP, retraced the polarization plot obtained by
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CoCr in PBS alone. An interesting feature of the curves is that as the
concentration increases the OCP increases into the transpassive range and the
passive region disappears. To highlight this, the PBS curve shows a clear
passive region where an increase in the potential of the surface does not lead to
greater currents, represented by a vertical section on the plot. As the
concentration increases, polarization results retrace the PBS curve but with
higher OCP and the passive region of the curve gets smaller until, at 5 mM, no
passive region is present. Another interesting feature to note is that all of the
curves meet above the transpassive transition of the PBS curve.
The point on the polarization curves where the current falls towards zero is
defined as the open circuit potential (OCP), and is the voltage at the point where
oxidation and reduction reactions on the surface are balanced. Fitting of these
curves with the Tafel equation allows for direct calculation of the OCP and

Figure 2.4. Semi-log plots of the calculated open circuit potential (OCP, A) and corrosion
current density (icorr, B) for CoCrMo alloy samples immersed in HOCl-containing PBS
solutions. In A, note the log-linear relationship of OCP and HOCl concentration and the sharp
corrosion current increase in B beginning with 5 mM. In A, all concentrations are significantly
different than PBS (p < 0.01). In B, 0.5, 15, and 30 mM HOCl are different than PBS (p < 0.01).
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corrosion currents within the system. The OCP for CoCrMo are presented in
Figure 2.4A and show a large increase from -248 ± 16 mV (vs. Ag/AgCl) in PBS
to -0.016 ± 9.4 mV (vs. Ag/AgCl) in 0.1 mM HOCl solution. Ultimately in 30 mM
HOCl solutions the OCP climbed to 612 ± 4.0 mV (vs Ag/AgCl). Figure 2.4B is a
graph of the corrosion current density (icorr), which is the current where anodic
and cathodic reactions balance. In low concentrations up to 5 mM, there is no
increase in corrosion current (p > 0.05). At 15 mM HOCl, however, the corrosion

Figure 2.5. Electrochemical impedance spectroscopy (EIS) results (A) based on a
Randall’s circuit fit with a constant phase element (CPE) and calculated oxide
resistance (B) and capacitance (C) of CoCrMo. In B, all resistances, except in 5 mM
HOCl solutions are different than PBS (p < 0.05) with an increase in resistance
between 0.1 mM and 1 mM HOCl, with a maximum occurring at 0.5 mM, and a
decrease (p < 0.01) in 15 and 30 mM HOCl. In B, error bars are within data points. In
C, only 30 mM HOCl was different than PBS (p < 0.01).
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current sharply rises 2-orders of magnitude (p < 0.01), and then increases up to 3
orders of magnitude in 30 mM solutions.
EIS results for CoCrMo alloy samples are shown in Figure 2.5.
Representative impedance-log of frequency curves (Fig. 2.5C) and the resulting
surface resistance (Rp, Fig. 2.5A), and capacitance (C, Fig. 2.5B) for each
concentration show the relative changes in the magnitude of the impedance over
the frequency range tested. For concentrations up to 5 mM, the magnitude
curves are shown to be within a similar range, with 0.5 mM at the top of the
grouping. Fitting of this data to a Randall’s circuit with a constant phase element
allows for calculation of the resistance of the passive oxide film. The oxide
resistance ultimately dropped 3-orders of magnitude in 30 mM HOCl solutions,
supporting the results found in the polarization tests. Interestingly, there is an
increase in oxide resistance in 0.5 mM solutions (p < 0.05), where there is a

Figure 2.6. High resolution XPS scans of the Cr2p (A) and Co2p (B) electrons to
reveal oxidation state in response to 2 hr immersion in various HOCl-containing
PBS solutions. Similar to A, the lower energy peak in B is the Co2p 3/2 electron and
the higher binding energy peak is the 2p1/2 electron.

30

corresponding decrease in corrosion currents (see Figure 2.4). The capacitance
calculated for the surface showed a curve shape closely mimicking the corrosion
current data.
Table 2.1. X-ray photoelectron spectroscopy (XPS) of CoCrMo
surface focusing on the Cr 2p3/2 peak after 2 hours of immersion
in HOCl solutions

Condition

Cr 2p3/2 binding
energy (eV)

Peak
height

PBS

576.8

77.3

1 mM HOCl

576.7

182

50 mM HOCl, pH 1

576.7

72.7

50 mM HOCl, pH 7.4

None

None

High resolution XPS scans were run to investigate the nature of Co2p and
Cr2p electron peaks (see Figure 2.6). These tests revealed a high degree of
similarity in PBS and 50 mM conditions at a pH of 1. These curves plotted in
Figure 2.5 nearly overlap perfectly making it difficult to distinguish between the
two in both Co and Cr scans. A difference in the 1 mM HOCl Cr2p scan, is the
height of the peak which lies at about 576 eV. In addition to the greater peak
height compared to the rest of the conditions, there is a shoulder that appears
around 573 eV which indicates metallic Cr. The 50 mM HOCl solutions at a pH of
7.4 produces a relatively flat line during the Cr2p scan indicating that there is little
to no Cr present on the surface after this treatment The Co2p scans also show
an interesting difference where the peak detected has an increased height in 1
mM HOCl, and this peak is slightly shifted in neutral 50 mM solutions, indicating
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greater Co(II) presence. The minimal Co2p 3/2 peak is likely due to the relatively
small amount Co on the surface in the PBS and 50 mM pH 1 solutions, leading to
low detection of this electron. Ultimately, these tests showed a largely Cr 2O3 film
on the surface in PBS and 1 mM conditions under neutral pH conditions as well
as at 50 mM solutions at a pH of 1 while no Cr peak was measured on the
surface of disks immersed in pH 7.4, 50 mM solutions. A summary of the XPS
results for CoCrMo are outlined in Table 2.1. Also included are visual
comparisons of the surface of 50 mM HOCl pH 1 and 7.4 disks, shown in Figure
2.7. Significantly more corrosion debris is present on the surface immersed in
neutral conditions for 2 hr.
For comparison, anodic polarization curves and EIS Bode plot for Ti-6Al4V alloy in HOCl solutions are presented in Figure 2.8. In these tests, the OCP
was found to increase from -125 mV (vs. Ag/AgCl) in PBS conditions to 110 mV
(vs. Ag/AgCl) in 30 mM HOCl solutions. The positive shift of the curves is again

Figure 2.7. Digital optical microscope (DOM) comparison of CoCrMo disks submerged in
50 mM HOCl solutions for 2 hours at pH 7.4 (left) and pH 1 (right). Note the extensive
corrosion debris (yellow) present on the surface exposed to neutral conditions.
oduct buildup on the surface in pH 7.4 conditions.
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due to the increase in oxidizing power of the solution caused by the HOCl
addition, however, these shifts were not as pronounced as those seen for
CoCrMo. The current response generated by sweeping the voltage of the surface
from -200 mV below OCP to 1 V (vs. Ag/AgCl) resulted in a wide potential range
over which a passive film is present on the surface. This passive region remains
a prominent feature of the curve even in 30 mM HOCl solutions. In these cases,
the oxide film is not broken down resulting in a stable corrosion current across
the full concentration range. This is supported by the EIS data where the
impedance magnitude as a function of AC frequency does not change between
the differing HOCl concentrations, meaning there is no change is passivity of the
oxide film.

Figure 2.8. Anodic polarization (A) and EIS data (B) of Ti-6Al-4V surfaces in HOCl solutions
in full immersion conditions. Note the shape of the polarization curve does not change,
but is shifted to more positive values in increasing concentrations. In B, the magnitude
vs. frequency curves do not change as a result of HOCl concentration.
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Figure 2.9. Digital optical microscope (DOM) (A, B) and scanning electron microscope
(SEM) (C, D) images of CoCrMo disks immersed in 50 mM HOCl solutions at pH 7.4 for 5
days highlighting the presence of plate-like corrosion products covering the surface.
The dark streaks in A and B is the metal surface beneath the adherent debris and show
evidence of intergranular corrosion (black arrow in B).

Surface imaging conducted with DOM and SEM showed significant
damage created on CoCrMo surfaces by immersion in 50 mM HOCl solutions for
up to 5 days at pH 7.4. In Figure 2.9, the existence of plate-like corrosion
products on the surface are shown, creating dry lakebed appearance. In optical
microscopy, these adherent plates of debris create a rainbow effect as the light
travels through the layer. Under this layer there is some evidence of intergranular
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Figure 2.10. Secondary electron (A, B, C) and backscatter (D) scanning electron
microscope (SEM) images beneath the plate-like corrosion products on the surfaces
of CoCrMo disks immersed in 50 mM HOCl solutions for 5 days at a pH of 7.4. Note
these samples began the tests with mirror polished surfaces. Pitting corrosion is
clearly visible along with evidence of initial grain boundary attack (arrows).

corrosion taking place (see Figure 2.9B). SEM of areas beneath the plate-like
corrosion products (see Figure 2.10) reveal pitting of the surface and evidence of
initial grain boundary attack. An additional effect of immersion was the
development of large amounts of corrosion products present on the surface and
in the solution. Within hours of immersion the solution began to develop a green
appearance that darkened over time, indicating the presence of Cr ions in the
solution. Dark precipitates were also among the corrosion products generated,
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which when collected and dried, were shown by EDS to be cobalt and
molybdenum oxides, with a noticeable absence of chromium (Figure 2.11). Ca,
Cl, and phosphates were also detected indicating the presence of salt within the
debris as well. High magnification images of the collected debris suggest they
are flocculants of particles on the order of a micron in size.

Figure 2.11. Energy dispersive spectroscopy (EDS, A) and scanning electron microscopy
(SEM, B, C) images of corrosion debris precipitates collected from solution, after
separation and drying. Note the relative absence of the Cr peak (circled in A) indicating
the debris consists mostly of a cobalt-based oxide.

2.4. Discussion
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Immune cells have been implicated in causing direct damage to
orthopedic alloys, which may include the pitting and intergranular corrosion
documented on extensively corroded, retrieved implants10,11. Immune cells rely
on ROS to neutralize pathogens inside the body7, but the effect of these highly
reactive chemical species on metallic implants are not fully understood.
Neutrophils are a particular cell type that have been found in the joint space at
elevated levels in revision patients19. This is significant due to the aggressive
nature of a neutrophil response8. The MPO enzyme, located primarily in
neutrophils, is responsible for the generation of HOCl which can be released
extracellularly54. Due to the highly oxidative nature of HOCl, the goal of this study
was to investigate the effect of HOCl on the corrosion behavior of CoCrMo and
Ti-6Al-4V alloys, and evaluate the possibility of this chemical to produce surface
damage similar to that found on retrievals. This damage is seen mainly inside, or
near to, modular taper junctions10,11 where the restricted geometry could lead to
high concentrations of ROS within the crevice.
HOCl was found to raise the oxidizing power of the solution, apparent by
the increased OCP as well as the location of the cathodic ends of the polarization
curves in both CoCrMo and Ti-6Al-4V samples (see Figure 2.3). The cathodic
portion of the curve (more negative than OCP) indicates the rate of the net
reduction reactions at the surface. The more electropositive, the greater the
capacity to cause oxidation. The steep slopes of the cathodic portion, seen in the
higher concentrations of Figure 2.3, are an indication of a mass transfer limited
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process where the rate of reaction is much faster than the rate of diffusion of
HOCl to the surface.
The solution also affects the oxide film on CoCrMo surfaces, seen by the
reduction in passivity and increase in capacitance in response to increasing
HOCl concentration (Figure 2.4). In this alloy, lower concentrations, under 5 mM,
result in reduced passive regions in the polarization curves, where
concentrations at, and above 5 mM showed only transpassive behavior,
indicating the stable Cr2O3 is no longer the dominant compound on the surface.
By contrast, Ti-6Al-4V surfaces displayed conserved passive regions and stable
oxide resistance over the range of HOCl concentrations tested (see Figure 2.7).
In this alloy, the TiO2 passive film was not affected by the aggressive solution
and remained stable. Interestingly, chemical breakdown of the TiO 2 film by H2O2
is a useful as a metallurgical preparation technique to create highly polished Tialloy surfaces57. The differences likely lie within the reaction kinetics between the
two ROS and TiO2.
Visual evidence of oxide changes can be seen on CoCrMo surfaces
during immersion testing in 50 mM HOCl solutions at neutral pH developed a drylakebed appearance where distinct plates of corrosion debris were formed. The
reason for the appearance lies in the composition of the oxide, where the one
formed has a smaller Pilling-Bedworth ratio than the one that existed before it.
The Pilling-Bedworth ratio is the ratio between the volume of a unit cell of the
oxide to the unit cell volume of the base metal from which the oxide was
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formed58. Here, the new oxide in aggressive solutions formed one of less volume
than the metal surface leading to shrinkage on the surface creating a dry-lakebed
appearance.
The EIS results can also be described in a thermodynamic context where
the chemistry of surface oxide is governed by the potential. A Pourbaix diagram
for Cr shows that at pH 7.4, Cr(VI) becomes the favorable species produced at
the surface at potentials above about 600 mV (vs. SHE, or about 400 mV vs.
Ag/AgCl)59. Of course, these are not sharp delineations between which species is
stable, but a diffuse transition where one species is more favored. While a
Pourbaix diagram for this exact situation (material and chemistry combination)
does not exist, a diagram for Cr in saline should serve as a good estimation of
potential and pH dependence of Cr stability in this system. In fact, researchers
have shown Cr(VI) presence on the surface of CoCrMo surfaces polarized above
0.5 V (vs. SCE)60. Cr(VI) is known to be toxic and carcinogenic due to its reaction
with ROS inside cells. Once within the cell, Cr(VI) participates in Fenton-type
reactions producing hydroxyl radicals causing damage to DNA, proteins, and
lipids43,61.
Overall, an increase in corrosion currents indicates an increase of metal
oxidation. Greater metal dissolution into the joint space could serve as an
initiation event to further activate and recruit immune cells to the area.
Interestingly, acidic environments appear to protect the surface by increasing the
restoring a portion of the passivity of the oxide as shown with the behavior of
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CoCrMo and Ti alloys in H2O2 in neutral and acidic conditions55,56. Acidic shifts,
increase the thermodynamic stability of the Cr(III) oxide and hydroxide species
on the surface59, increasing the portion of the interface with passive capabilities,
leading to an increase in the total oxide resistance. This behavior is supported by
the XPS results, where the chromium species detected on the acidic 50 mM
condition was that of a Cr(III) oxide, no different than the PBS control. The
neutral pH condition in 50 mM solutions, however, resulted in no detectable
amounts of Cr on the surface. This points to more than the simple lack of an
oxide film, but indicates a process by which Cr is preferentially leached from the
surface. Since the alloy is 28 wt% Cr, it should result in a measurable peak with
the characteristics of metallic chromium, even with no oxide on the surface. This
could indicate preferential chromate formation due to the potential of the surface
and the solution conditions, which is more soluble leading to Cr(VI) release in the
form of the CrO42- ion. Another noteworthy observation within the XPS data is the
increased Cr2p3/2 peak in 1 mM HOCl solutions indicating a growth, or
enrichment, of the Cr2O3 passive film compared to the PBS solutions (see Figure
2.5). In the 1 mM conditions, the measured impedance was greater than PBS
solutions supporting the finding of an increased Cr(III) presence on the surface
(see Figure 2.4).
The precipitates gathered and tested in this study as a result of immersion
in 50 mM HOCl solutions at pH 7.4 were not made up of Cr but consisted of Co
and Mo oxides. This is in contrast to clinical findings where Cr precipitates are
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commonly found as chromium orthophosphates44. In the body, there could be
protein-driven reduction of Cr ions into these precipitates which we were not able
to mimic here. A limitation of the system used in this study includes the
simplification of the chemical environment to one of a PBS-based solution
containing a single ROS. While this may be an over-simplification of the nature of
the biological environment, it aids in the understanding of the electrochemical
effects of this ROS in the absence of competing reactions.
Immersion in neutral, 50 mM HOCl solutions generated surface damage in
the absence of poteniostatic control, including intergranular corrosion and pitting.
Severe electrochemical damage has been shown in retrieval studies 10,11 The
retrieved devices show more severe damage as compared to the immersion
cases, including missing grains, deep pits, and crystallographic etching 10,11, most
likely due to the continuous exposure to complex, aggressive solutions over a
much longer time. The complexity of the inflammatory environment in the body is
hard to predict but may contain a mixture of ROS and digestive enzymes,
possibly compounding the attack of the metal surface. It is a very important first
step that we can cause severe surface damage to CoCrMo alloy in a simulated
inflammatory condition without externally applied potential.
The strength of this study is the ability to drive surface potential and
produce electrochemistry-based damage in a freely corroding system without an
applied current, through additions of HOCl. A plot of OCP versus Icorr for
CoCrMo (Figure 2.12) shows the ability of HOCl solutions to adjust the corrosion
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reactions at the surface, causing behavior similar to the anodic portion of an
applied polarization curve. In this way, adjusting the solution chemistry, we can
reach and hold transpassive potentials, driving extended corrosion, bringing us
closer to biological relevance from an electrochemical standpoint. These
immersion tests were only conducted for 5 days where the solution was
replenished once daily. In the body, sustained neutrophil presence may
continuously generate HOCl near the implant surface for as long as active
inflammation continues. As the body is a complex system, it will be important in
the future to consider solutions that more closely mimic natural biochemistry. The
interplay between the ROS, an orthopedic alloy, and native proteins and cells
could greatly affect the electrochemical reactions at a metallic biomaterial
surface.

Figure 2.12. A semi-log plot of open circuit potential (OCP) versus
corrosion current for CoCrMo alloy in HOCl containing PBS
solutions. Note the similarity in shape to the PBS-only anodic
polarization curve from Figure 2.3.
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The differences seen in the effects of HOCl on titanium alloys and
CoCrMo alloys may also provide insight into some observations in modular
tapers that higher material loss is observed in CoCrMo surfaces than the
opposing titanium alloy trunnions62,63. While some have attempted to describe
these differences in purely mechanical terms (e.g., increased hardness of Tioxides which cause increased wear of CoCrMo) 62, the role of electrochemicallydriven solution based effects on corrosion cannot be overlooked.
2.5. Conclusion
HOCl was shown to accelerate corrosion of CoCrMo surfaces by
increasing the oxidizing power of the solution in full immersion testing and
changing the chemistry and decreasing the resistive character of the oxide films
on the surface. On the other hand, effects of HOCl on Ti-6Al-4V surfaces were
not as severe and resulted in much less corrosion damage or changes in
corrosion or impedance behavior. Increased oxidizing power was observed by a
positive potential shift of the cathodic portion of the polarization curves in both
alloys. The increased rate of reduction reactions raised the OCP of CoCrMo to
over 600 mV (vs. Ag/AgCl) in 30 mM HOCl solutions. Additionally, in the same
solution and alloy, the corrosion currents were increased 3 orders of magnitude
over PBS controls. Immersion in 50 mM HOCl solutions caused significant
surface damage to CoCrMo surfaces which included intergranular corrosion and
pitting. We have shown that significant damage can be generated on CoCrMo
surfaces by adjusting the solution chemistry alone, without an applied potential
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driven by an external power source. XPS testing suggests the dissolution of Cr
ions from the surface in 50 mM HOCl solutions at neutral pH, as there was no Cr
detected on these surfaces. It was found that adjusting the concentration of HOCl
can polarize the surface above the transpassive transition.
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3.

The effect of hypochlorous acid on the tribocorrosion of CoCrMo/Ti-

6Al-4V bearing couples
3.1. Introduction
Modularity in total joint arthroplasty offers many advantages to the
surgeon in improving the quality of patient care. In total hip arthroplasty,
specifically, implant material combinations and dimensions can be adjusted to
each patient’s anatomy and range-of-motion needs 12. Additionally, modularity
simplifies revision surgeries by enabling surgeons to replace the device head
while leaving the stem in place12. On the other hand, modularity leaves the
device susceptible to mechanically-assisted corrosion (MAC) within the taper
junctions14,64,65.
MAC is the concept that mechanical factors such as abrasion initiate
electrochemical reactions, thereby driving corrosion 22. In the taper junction, MAC
takes the form of fretting corrosion which is characterized by cyclic micromotion
on the order of 10-20 µm22. A hard asperity in relative motion with a metallic
surface can abrade away the oxide, exposing the underlying alloy to the local
solution. Upon exposure to molecular oxygen, or water, the bare metal reacts
spontaneously to form metal ions (ionic dissolution) and metal oxide
(repassivation) due to the high driving force for oxidation 2. Consequently,
electrons liberated from the metal atoms are released into the surface at such a
high rate that the potential of the surface drops until the sufficient reduction
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reactions can consume the excess electrons reestablishing equilibrium 2. A
schematic of the fretting corrosion process is shown in Figure 3.1.

Figure 3.1. Schematic of Mechanically Assisted Corrosion (MAC). Abrasion of the surface
oxide film by a hard asperity exposes underlying metal, causing metal cation release.
Oxide repassivation occurs within milliseconds driven by the low-temperature high-field
growth mechanism. Also, the underlying local surface metal is typically subjected to
stresses sufficient to cause plasticity (i.e., dislocation motion) and development of
additional breaches in the oxide film. Figure reproduced from 3.

MAC is an important idea in metallic biomaterials, that corrosion and wear
are not separate issues, but rather should be thought of concurrently. The overall
wear of the surface is governed by the mechanical properties of the bearing
couple system in a given solution. Properties such as hardness, roughness, and
modulus of the opposing surfaces along with the particular contact stress effect
the breaching of the oxide66. Once the oxide is breached, electrochemical
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properties at the surface-solution interface govern the redox reactions, and
therefore the corrosion, that will follow until a stable passive film is reestablished.
The major factor controlling the ensuing redox reactions is the solution chemistry
adjacent to the metal surface, which defines the oxidizing power of the
environment. The oxidizing power of the solution governs the extent to which
chemical species can participate in electrochemical reactions and establishes the
equilibrium surface potential based on the balance of oxidation and reduction
currents21. Fretting corrosion involves mechanics-based wear events concurrent
with corrosion processes and, therefore, may also be affected by aggressive
solution chemistry which may be present during inflammation, driving the
electrochemical reactions at the surface.
The role of inflammation and immune cell activity local to an orthopedic
implant (particularly hips) on the overall patient outcome is important to
understand. Inflammatory process may affect local tissue as well as the implant
surface. Recent reports have identified elevated leukocyte levels within the joint
fluid of patients with metal on metal hip arthroplasties undergoing revision
surgery to relieve ALTR symptoms19,67. Particularly alarming is the high number
of neutrophils within that fluid19. An elevated neutrophil count, along with
increased levels of other inflammatory markers have also been noted to
complicate the diagnosis of ALTR, since these symptoms closely resemble those
of a periprosthetic joint infection (TJI)20. Neutrophils produce the potent oxidant
HOCl through a catalytic reaction involving the enzyme MPO 37,54,68. As shown in
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the previous chapter, HOCl can increase the bulk corrosion of CoCrMo surfaces
through increased oxidizing power of the solution and oxide deterioration.
The goal of this study is to determine the effect of HOCl solutions on the
fretting currents resulting from cyclic wear of orthopedic alloys. This study will
focus on mixed-material couples as would be found in a CoCrMo head seated
onto a Ti-6Al-4V stem. This combination became popular due to the favorable
wear properties of CoCrMo69 as a bearing surface, matched with the lower
modulus Ti-6Al-4V70 alloy which helps minimize stress shielding as would occur
according to Wolff’s law71. In the body, fretting corrosion within a modular taper
junction leads to material loss, introducing corrosion (metal cations) and wear
(metal oxide) products into the local tissue. Biological reactions to such wear
particles have been studied extensively and include pathways leading to
osteolysis and other ALTR5,45,47,72. It is important to understand how an
inflammatory solution, modeled here by HOCl, can affect the release of metal
cations and metal oxide wear debris from the surface of an orthopedic device.
This study focuses on the fundamental interactions between Ti-6Al-4V and
CoCrMo in a pin-on-disk model to investigate mechanical and corrosion effects
for HOCl on MAC. HOCl was found in Chapter 2 to raise the oxidizing power of
the solution, increasing the rate of oxidation at CoCrMo surfaces. We
hypothesize that an increased rate of oxidation may result in greater fretting
currents by increasing the rate of oxide film repassivation.
3.2. Materials and Methods
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Co-Cr-Mo disks were polished to 600-grit and assembled in a custom-built
testing apparatus against a Ti-6Al-4V pin counter surface (d = 0.5 mm). The
surface was covered with an acrylic coating with an exposed area of about 0.3
cm2 for testing. The apparatus and test methods have been previously published
and are well described22. Briefly, a piezoelectric actuator controlled stage was
manipulated by a function generator and amplifier while a LabVIEW (National
Instruments, Austin TX) program records stage displacement, pin motion,
tangential forces, and normal load. Additionally, a potentiostat (Solatron
Analytical, Hampshire, UK) was used to record the current under potentiostatic
conditions, during the test. The solution was introduced to the assembly and
allowed to equilibrate for 2 hours before any fretting was performed. The
potential was set to the resting potential that was reached after the 2 hours to
allow for controlled current measurement. Fretting occurred at a frequency of 1
Hz using a sawtooth waveform with applied loads of 5, 8, and 12 N and a
nominal sliding distance of 25 µm.
Concentrations were selected such that there was a test group with an
OCP around 325 mV and another group around 500 mV in addition to a PBS
control which was held at -50 mV (vs. Ag/AgCl). The rationale for this is due to
the breakdown potential of Co-Cr-Mo being between 350-400 mV, so we aimed
to have one solution just below and one just above this threshold. Using the OCP
results from the previous chapter of full immersion testing, we found
concentrations of 1 mM and 5 mM satisfied these conditions, respectively.
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Additionally, pin-on-disk testing was also conducted in 30 mM HOCl solutions to
investigate the fretting response in a more severe condition. Fretting currents are
calculated as the current deviation above the baseline current during fretting, as
outlined in Figure 3.2. For each measurement, the baseline was calculated by
averaging the currents before and after fretting in order to account for any drift
during testing. 3 samples were run for each group and were compared via
ANOVA testing followed by a Tuckey’s post-hoc comparison with significance
being indicated by p < 0.05.

Figure 3.2. A schematic of fretting currents generated during testing. The average fretting
currents is represented by the difference of the average current during abrasion and the
average baseline current.

3.3. Results
Pin-on-disk testing with a CoCrMo disk fretting against a Ti-6Al-4V pin
reveals the current response of this bearing couple to cyclic micromotion in a
controlled test geometry. Figure 3.3 shows representative data of the current
responses in all solution, overlaid, matched with the measured displacement for
two full cycles. Current responses can be seen as directly related to the sliding
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Figure 3.3. Representative data of the fretting current response (A) and matched sliding
motion (B) at a normal load of 8 N for 2 full cycles between 37-39 s. All solutions are overlaid
in the current plot (A) to show the relative magnitudes of the response in each environment.
The sliding data is from the 1 mM HOCl solution at 8 N and consists of a sawtooth wave at 1
Hz. In A, the response for 1 and 5 mM HOCl solutions never reaches 0 because the next
loading cycle begins before the current fully decays.

motion which results in a characteristic waveform. The vertical portions of the
sliding data indicate the pin traveling relative to the disk and result in the greatest
current rise. At the peak of this motion the pin sliding direction is reversing, and
results in a relatively horizontal line due to the pin sticking into the surface
resulting in little net motion. During this sticking portion, the current recovers
slightly until relative motion continues and the current spikes again. The second
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peak, on the return stroke, is greater than the first due to a superposition of the
second current onto the first that has not yet reached its baseline.

Figure 3.4. Summary of average fretting currents for CoCrMo/Ti-6Al-4V bearing couples for
each condition. * indicates p < 0.05 compared to PBS and ** represents p < 0.01 compared
to all other conditions within load group, n = 3.

A summary of the fretting currents in each condition is outlined in Figure
3.4. These currents are the average over the applied cyclic motion. During
fretting under 5, 8, and 12 N loads, 1 mM HOCl solutions showed 200%, 300%,
and 200% increase in currents compared to PBS conditions (p < 0.01 in all
cases), respectively. By comparison, 5 mM HOCl solutions created 400%, 475%,
and 50% increases in fretting currents compared to PBS controls in 5, 8, and 12
N tests (p < 0.01), respectively. Interestingly, 30 mM HOCl solutions displayed
reduced fretting currents (p < 0.05) compared to controls under all loading
conditions.
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Another way to assess the motion data is to plot the tangential force
versus the sliding distance which results in a cyclic track, as shown in Figure 3.5,
where the sliding with a positive tangential force is a forward stroke and forms
the top of the perimeter. The area inside of this curve is the work of fretting, or
the energy expended per cycle. As the load increases, at a given HOCl
concentration, the distance covered per stroke decreases while the tangential
force increases, resulting in a taller, more narrow area. The sliding distance
between each solution condition was not consistent, this is likely the result of
variations in the test system which occurred between tests. As such, the variation
in displacement between concentrations is likely not a result of the solution. The

Figure 3.5. Frictional force versus displacement plots constructed from the motion data for
PBS (A), 1 mM (B), 5 mM (C), and 30 mM (D) HOCl conditions at each load. The arrows in A
indicate the direction of motion around the curves. The vertical portions indicate sticking of
the pin on the disk and the horizontal portions represent sliding. Note that as the normal
load increases, the sliding distance decreases and the tangential force increases.
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forces, however, can still be compared. The vertical portion of these plots, again
represents the sticking of the pin and disk where there is very little relative motion
and the tangential force switches sign. The transition from sticking to sliding
occurs as static friction is overcome and results in a turn from vertical to
horizontal segments on the plot. In 30 mM HOCl solutions, the stick-slip transition
appears to create a more rounded turn that the lower concentrations, which
mostly exhibit a sharper corner. Also, the 30 mM conditions displayed reduced
tangential forces during sliding, representative of the kinetic friction in the system.
Indeed, comparison of the coefficient of friction (COF) of these systems reveals a
reduced COF (p < 0.05) in the 30 mM case compared to PBS over all 3 loads
(see Figure 3.6). No other condition had a COF different than PBS over all loads
(p > 0.05).

Figure 3.6. Coefficient of friction (COF) calculated at each condition. * indicates p < 0.05
compared to PBS, n = 3. Note that only the 30 mM solution possessed COFs different that
PBS for all loads.
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3.4. Discussion
Modularity in TJA devices offers advantages to the surgeon allowing for
improved patient outcomes12. The tight junctions that make up modular taper
engagement regions are susceptible to micromotion relative to one another
resulting in cyclic abrasion throughout the normal loading cycle. The
electrochemical response of the surface to abrasion is governed by the chemistry
at the interface, which may be altered rapidly in the event of activation of the
immune system. Not much is known about how the fretting corrosion is affected
by local inflammation, which may result highly corrosive environments which
could include HOCl. In the previous chapter we showed that the overall corrosion
currents can increase in small concentrations of HOCl by raising the net
reduction reactions at the surface. Additionally, the potential of the surface
increased through a range of voltages as a direct result of the oxidizing solution.
This study showed that HOCl had a significant impact on the fretting
corrosion of Ti-6Al-4V/CoCrMo alloy interfaces. In 1 and 5 mM solutions, the
CoCrMo/Ti-6Al-4V bearing couple was shown to cause up to 3- and 5-fold
increases in fretting currents, respectively. Interestingly, the 30 mM test
conditions produced fretting currents below those of the PBS controls. This can
be explained by the lack of oxide on the surface as found in Chapter 2. A large
majority of the fretting currents generated are a result of rapid repassivation of
the oxide film. This is also supported by the reduced COF in 30 mM HOCl, which
indicates an altered surface structure. Since CoCrMo surfaces were shown to
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have a severely degraded oxide in 30 mM solutions, the fretting currents
associated with these conditions and oxide are low. The small amount of fretting
currents detected are likely due to the repassivation occurring on the Ti pin which
was shown to have a conserved passive region in 30 mM HOCl.
It has been found previously that the oxide resistance for CoCrMo surface
oxides is greatest between about 50 and 200 mV (vs. Ag/AgCl)73. Additionally, an
investigation of the current response to a single scratch at different applied
surface potentials showed this range is also where the peak current is the
greatest for CoCrMo74. The current response of CoCrMo to oxide disruption is
affected by the potential of the surface by controlling the thickness of the oxide
thereby increasing the volume of oxide reformed. CoCrMo Oxide thickness has
been shown to increase linearly from 2.2 to 3.1 nm between surface potentials of
-350 mV and 250 mV (vs. Ag/AgCl), respectively75. Ti-6Al-4V, on the other hand,
did not show a maximum in average fretting currents in response to voltage, but
rather a continual increase as the potential increased up to 1 V (vs. Ag/AgCl) 76.
The concentration of HOCl in the solution controls the potential of the surface
without applied current through alteration of the balance of oxidation and
reduction reactions. In this way, we can propose a concentration-potential
equivalence for the HOCl system, where increasing concentration of HClO
induces a shift of the OCP.
It is also important to note that the fretting currents must be understood in
conjunction with the overall corrosion behavior of these alloys in HOCl solutions,
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rather than as an isolated phenomenon. In this sense, we need to recognize that
while the 30 mM case results in reduced fretting currents, the underlying
corrosion current for the CoCrMo alloy is still 3 orders of magnitude above the
same alloy in PBS. In Figure 3.8, results are presented with the average fretting
currents measured here added onto the average corrosion currents (I corr) found in
Chapter 2 (representing the rate of oxidation at the surface due to local solution
chemistry) to emphasize the importance of considering both wear-based and
bulk corrosion as independent phenomenon occurring simultaneously resulting in
an overall current. The difference between fretting currents and baseline, bulk
corrosion, currents are the nature of the product. Fretting currents indicate the
amount of oxide regenerated and abraded, whereas bulk corrosion currents are
likely due to continuous oxidation and release of metal cations from the surface.

Figure 3.8. Average total current values for 8 N loading adjusted for baseline
corrosion currents measured in Chapter 2. Values of fretting currents are
added onto Icorr measurements for each solution condition. Note the sheer
magnitude of difference between the 30 mM HOCl baseline oxidation
currents compared to the rest of the conditions.
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Overall, average fretting currents over the entire time course of loading,
indicate the amount of oxidation reactions resulting from MAC processes.
Integrating the current over time leads to the total charge (Q [=] coulombs)
transferred across the interface which is a direct reflection of the volume or mass
of oxide reformed due to repassivation reactions:

𝑄=

𝐼(𝑡)𝑑𝑡

Also, according to Faraday’s law:

𝑚=

𝑄𝑀
𝑛𝐹

Where m is the total mass produced in grams, 𝑀 is the molecular weight
of the compound liberated from the surface, n is the number of electrons
generated per mole of species oxidized, and F is Faraday’s constant (96485
C/mol). Thus, higher average fretting currents are directly associated with higher
mass of oxide film abraded (and reformed). Materials display differing ratios of
the amount of oxidation that contributes to repassivation versus ionic dissolution.
Ti, for example, has a very small solubility limit on the order of 10 -10 M77 which
means that virtually all of the oxidation occurs in the form of oxide repassivation.
This behavior in CoCrMo alloys is not known but since the repassivation event is
so rapid, we can assume a large percentage of the fretting currents are involved
in oxidation to metal oxide. Using the above equation, an average fretting current
over a year of 1 µA would result in 10.5 mg lost from a CoCrMo surface, based
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on atomic weight percentages of the alloy for n (2.4) and Mw (76.91 g/mol). If we
then assume a density of the oxide formed (and therefore abraded) to be a
weighted average of CoO, Cr2O3, and MoO3, based again on the atomic weights
in the alloy, this scenario leads to a volume of 1.7 mm 3 released over the year
(assuming constant fretting).
The importance of solution chemistry on electrochemical processes
associated with MAC is highlighted in this study and can be seen comparing the
1 and 5 mM fretting data. The frictional force versus displacement plots between
the two conditions are nearly identical (see Figure 3.5), which in a purely
mechanical framework would be expected to lead to similar results. This is
clearly not the case, as the measured fretting currents in the 5 mM solution were
greater than 1 mM (p < 0.05) under 5 and 8 N loads (see Figure 3.7) despite the
similar mechanics. The difference is the oxidizing power of the solution, driven by
HOCl, altering the electrochemical reactions at the interface associated with
repassivation and likely increasing the volume of oxide formed during
repassivation.
The marked decrease in fretting currents in 5 mM HOCl solutions between
8 and 12 N is an interesting phenomenon. There is a 50% reduction in current
generated at the higher load indicating less oxide reformed, or abraded, as
opposed to 1 mM solutions which continued to increase. This is likely due to
sticking between the pin and disk in the 5 mM HOCl conditions at 12 N. This
behavior has been shown where the fretting currents will rise with increasing load
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until a point where further increases in load lead to reduction in fretting currents
due to lower relative motion caused by some sticking15. It is likely the specific
combination of solution, which affects the voltage of the surface, and load caused
the sticking in the 5 mM solution.
These results highlight the importance of the local electrochemical
environment, dictated by local inflammatory reactions generating reactive
solution-based species on the tribocorrosion behavior of orthopedic implants
subject to wear. That is, inflammation affects fretting corrosion. Immune cells,
such as neutrophils, can quickly generate HOCl, creating severe solution
environments which alter the electrochemical processes at the implant surface.
Wear and corrosion combine to cause MAC processes in vivo, however, HOCl
additions, reflecting the presence of activated neutrophils, alter the overall
reactions and severity of the fretting corrosion observed.
A limitation of this study was the variation in sliding distance between the
solution conditions. Greater displacement in the PBS and 30 mM conditions
compared to 1 and 5 mM HOCl mean there are differences in sliding speed
between these groups, which will directly affect the generated currents. For
example, the sliding speed in PBS conditions was greater than the sliding speed
in 1mM HOCl solutions, since more distance was covered in the same amount of
time. The reduced sliding speed in 1 and 5 mM HOCl solutions would result in
fretting currents less than would be measured if the displacement matched the
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roughly 25 µm of sliding in the other cases. This resulted in an underestimation of
the difference in 1 and 5 mM HOCl fretting currents compared to PBS solutions.
3.5. Conclusion
A simulated inflammatory environment consisting of HOCl was found to
significantly affect the fretting corrosion response of CoCrMo/Ti-6Al-4V bearing
couples, as may occur within a taper junction in an inflamed joint. Additions of 1
mM and 5 mM HClO to PBS, in short-term, pin-on-disk fretting corrosion tests,
generated up to a 3- and 5- fold increase in fretting currents, respectively, when
compared to PBS controls despite showing similar mechanical properties during
wear. The increased fretting currents are a result of the greater oxidizing power
of the HOCl solutions driving oxidation and the changes in the oxide films arising
from these solutions. In more aggressive, 30 mM HOCl solutions, deterioration of
the oxide film due to the surface potential, controlled by the local chemistry,
resulted in fretting currents less than PBS controls.
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4.

The effect of HOCl on the fretting current response in million-cycle

loading of head-neck modular taper assemblies
4.1. Introduction
A clinical issue with orthopedic devices, particularly in hip arthroplasty, is
related to wear and corrosion at the modular taper junction 44. Modularity was first
introduced at the head-neck junction and offers a means to customize implant
dimensions to the individual patient anatomy, adjust bearing surface materials,
and improve and simplify revision surgery78. Under load, the stem trunnion exerts
a compressive stress on the bore walls of the head component, locking the two
opposing surfaces12,78. Through loading, the adjoined components are
susceptible to relative micromotion which has both mechanical and
electrochemical consequences79,80. Retrieval studies have shown the generation
of severe damage within these junctions 64,65,81,82 hypothesized to be a
consequence of the combination of stress and motion within the crevice
geometry of the taper junction79. Additional consequences of fretting corrosion in
the modular taper junction is the production and release of wear debris into the
local tissue and beyond83. The particles generated from wear of modular devices
have been implicated in the development of ALTR19,45,84,85 leading to the need for
revision.
At metal surfaces, wear and corrosion should be considered
simultaneously and have indeed been linked through the idea of MAC, where
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corrosion is driven by mechanical events80. As corrosion is driven by the local
electrochemical environment, solution chemistry at the interface may have a
significant effect on fretting corrosion. Specifically, the oxidizing power of the
solution is an important characteristic which controls the electrochemical
response of a metal surface to abrasion. Local to hip implants, immune cells are
capable of quickly altering the local solution chemistry through release of ROS 7
which serve to raise the oxidizing power of the solution. Simulated inflammatory
environments have been shown to affect the electrochemical behavior of metallic
biomaterial alloys, especially through increasing the resting potential of the
surface55,56. The presence of neutrophils in the synovial fluid of revision patients 19
is noteworthy due to their MPO content 31 which is responsible for the generation
of HOCl30.
The goal of this study is to investigate the effect of HOCl solutions on fully
assembled taper junctions subjected to short- and long-term cyclic loading. We
will assess the concentration-dependent effect of HOCl on the fretting currents of
CoCrMo/Ti-6Al-4V bearing couples. While it is surely important to understand
how the body reacts to wear and corrosion debris from modular tapers, the effect
of the local environment on the device should not be overlooked. It is important to
consider both directions of this interaction which may occur within the body.
Implant performance and modular taper behavior may be significantly altered
within aggressive inflammatory solutions. Changes in MAC behavior may have

63

biological consequences by accelerating the introduction of wear particles and
corrosion debris into the joint space.
4.2. Materials and Methods
Head-neck taper samples were obtained from DePuy Synthes (Warsaw,
IN) and consisted of off-the-shelf 28 mm Co-Cr-Mo heads and specially
constructed, straight Ti-4Al-4V stem coupons with 12/14 tapers. The hydraulic
load frame was an Instron 8500 plus (Norwood, MA) with measurement and
control provided by Instron Wavematrix software. Tapers were seated to 1000 N
at a rate of 100 N/s with the junction wet with 200 μL of the test solution. The
assembled devices were then mounted in an electrochemical test chamber that
allows for connection to the implant as a working electrode and introduction of a
carbon counter electrode and a saturated Ag/AgCl reference in a solution of
about 250 mL. The solution was added to the chamber and the electrodes are
introduced. Additionally, warm water was pumped through tubing in the chamber
to serve as a heater to keep the solution at about 37℃ during testing.
The entire apparatus was allowed to sit with the test fluid for 2 hours at
which time the potential was set to the resting potential before commencement of
the test sequence. This potential in known to change widely with changing
concentration of HOCl. The PBS solutions were fixed at a voltage of -50 mV,
while 1 and 5 mM tests were set at 325 and 500 mV (vs. Ag/AgCl), respectively.
Potentiostatic conditions were controlled by an EG&G potentiostat (Princeton
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Applied Research, Oak Ridge, TN) which also served to measure current, which
was fed directly into Wavematrix program through an A/D board. Additional data
captured included load, cycles, and displacement of the stage.
The test sequence consisted of an incremental cyclic fretting corrosion
(ICFC) test where the assembly is loaded for 540 cycles at 100 N increments up
to 1000 N, then 200 N increments up to 2800 N, ultimately followed by 1x10 6
cycles at 3000N. During the long-term portion of the test, loading was paused
every 50,000 cycles to monitor baseline drift. The loading was done at a
frequency of 15 Hz bringing the total loading portion of the test to about 20 hours.
It should be noted that higher frequency testing will result in higher measured
currents since the oxide film disruption repassivation process is increased with
frequency. However, prior testing86 has shown that there is a linear relationship
between fretting corrosion currents and frequency up to 15 Hz so a linear
relationship holds up to this frequency. After testing, the tapers were
disassembled and imaged by DOM (Hirox USA, Mahwah, NJ) and SEM (JEOL
5600, Peabody, MA). Tests were run with 5 samples per group and the current
measurements were analyzed by ANOVA with post-hoc Tuckey’s test, using p <
0.05 as an indication of significance.
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4.3. Results

Figure 4.1. Raw current (A) and load (B) data generated from the short-term,
incremental cyclic fretting corrosion (ICFC) portion of the test sequence for 28 mm
CoCrMo head on a 12/14 Ti-6Al-4V stem coupon in 5 mM HOCl solution. The headneck taper assembly was seated to 1000 N at 100 N/s with the junction wet with the 5
mM HOCl test solution. Note the loads are compressive loads so they are measured as
negative in compliance with convention.

Sample current and load data from the ICFC testing is shown in Figure 4.1
where the load was ramped in 100 N increments up to 1000 N and then 200 N
increments up to 3000 N, for 540 cycles at each step. A consistent feature across
the test conditions is that the average current is 0 uA until about 1000 N is
applied, which is the load at which the tapers were seated. Above 1000 N,
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current measurable current is induced due to relative micromotion. With the initial
application of each load, after a short rest period, a large current spike occurs as
the oxide is breached and the metal is exposed to solution. At the conclusion of
each loading increment, a sharp current decay back to zero can be seen. It is
interesting that there appears to be a load where a maximum value of the current
spike, and average fretting currents, are reached. At 3000 N, the million-cycle
test ensued at 15 Hz for the remainder of the test. Sample data from the longterm portion of the test can be seen in Figure 4.2 which includes both the ICFC
million-cycle portions of the tests. Million-cycle currents in 5 mM HOCl solutions
behave differently than the 1 mM and PBS cases. In the 1 mM HOCl and PBS

Figure 4.2. Sample current data for the ICFC and million-cycle segments of a head-neck
taper assembly in PBS, -50 mV (A), 1 mM HOCl, 325 mV (B), and 5 mM HOCl, 500 mV (vs.
Ag,AgCl) (C) seated to 1000 N at 100 N/s. The first 1000 s includes the short-term data.
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conditions, the current initially decays but then begins to gradually increase as
continuous loading is applied. The 5 mM HOCl solutions show a decay below 0
µA for a period and then drifts back towards 0 µA as the test nears completion.
During data analysis it could be seen that one of the 1 mM solution tapers
displayed abnormal behavior during the ICFC portion of the test, where very little
current was measured until about a quarter of the way through the million-cycle
portion of the test where the current then appeared to return to typical behavior.
As such, the very small currents during the short-term testing greatly affected the
statistics due to the introduction of large error into the data. In order to combat
this, a standard outlier algorithm was used to identify and eliminate outliers. That
is, upper and lower “gates” were identified using the formulae: “lower gate” = Q11.5IQ and “upper gate” = Q3+1.5IQ, where Q1 is the lower quartile, Q3 is the
upper quartile, and IQ is the interquartile range. All points below the lower gate
and above the upper gate were ignored. We felt the elimination of these outliers
was acceptable due to the behavior displayed by the abnormal taper. There may
not have been adequate fluid interchange between the taper and the bulk
solution to measure the currents accurately, until a certain point in the test when
proper exchange was reestablished. It is not uncommon for air bubbles to gather
at the taper junction, which if large or numerous enough could restrict fluid
contact, and therefore restrict current measurement as well. The upper and lower
gates were strictly followed which did not eliminate the entire set of data from this
taper which is why large error bars remain at some data points.
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Figure 4.3. Average fretting currents from cyclic testing of assembled head-neck tapers at
6

37℃. Loads from 0 – 2800 N were tested for 540 cycles per load at 15 Hz and 1x10 cycles at
3000 N. PBS, 1 mM HOCl, and 5 mM HOCl samples were potentiostatically fixed at -50, 325,
and 500 mV (vs. Ag/AgCl), respectively. Note the existence of a maximum current within
each data set.

Figure 4.3 shows a summary of current results of the assembled headneck tapers at each solution condition during both short- and long-term testing.
The sigmoidal curve up to 2800 N loads represent the currents measured during
the short-term, 540 cycle test segments. The PBS control samples reached a
peak current of 17.2 ± 4.0 µA at 2400 N. In 1 mM tests, the peak current was
35.4 ± 4.4 µA at 2600 N. The current in 5 mM HOCl solutions peaked at 2800 N
where they reached 51.6 ± 6.7 µA. For the short-term testing, 1 mM solutions
were statistically different from controls over the loading range from 2200-2600 N
(p < 0.05), excluding 2800 N due to large variation. Currents in 5 mM solutions
were different over a much larger range of loads from 1200-2800 N (p < 0.05).
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During long-term, million-cycle testing, 1 mM solutions generated double the
currents over PBS (p < 0.01) where the currents were 15.7 ± 2.2 and 6.3 ± 3.1
µA, respectively. 5 mM solutions, on the other hand, were not statistically
different than PBS controls (p > 0.05) over the entire million cycles.
Initial current spikes as a result of loading are shown in Figure 4.4 for
PBS, 1 mM, and 5 mM HOCl conditions in the assembled head-neck taper
model. The 1 and 5 mM solutions produced current spikes of nearly identical
magnitude, both of which were different than PBS over the load range of 20002800 N (p < 0.05). Instantaneous currents of up to 130 µA were recorded as an
immediate response to surface abrasion within the taper junction at load
application. Measurable current transients begin to appear around 500 N and

Figure 4.4. Instantaneous current spikes of assembled head-neck tapers in
response to load application at each condition.
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increase by a small amount through 1000 N, which was the load to which the
constructs were assembled. Beyond the seating load, beginning with the
application of 1200 N, these instantaneous currents increase at a greater rate
with respect to the previous load, especially in the aggressive solutions.
DOM images showing examples of gross damage comparison within the
head taper after testing are shown in Figure 4.5. In these images, dark material
buildup can be seen within the taper engagement region, occurring in increasing

Figure 4.5. Digital optical microscope (DOM) comparison of debris accumulation within the
head taper after long-term testing in PBS (A), 1 mM HOCl (B), and 5 mM HOCl (C) solutions
at 37℃. Colored deposits can be seen in C indicting metal salt deposition.
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amounts as the concentration of HOCl increases. In the 5 mM case, colorful
deposits are present adjacent to the abraded area which are indicative of metal
salt deposition. The colors present are mostly green and purple with some red
which indicate the presence of Cr, Ti, and Mo ions, respectively.
Figure 4.6 shows SEM images highlighting the typical presentation of
fretting damage regions within the head taper, which highlights the co-location of
fretting and crevice corrosion. Fretting scars can be seen as uniform scratches

Figure 4.6. Scanning electron microscope (SEM) images of the CoCrMo head taper after
long-term testing in 5 mM HOCl solutions. Paired secondary and backscatter images (A,
B) are labeled to show a typical damage region within the taper where a crevice will be
bordered on one side by the fretting scars and accumulated debris on the other. A
higher magnification image (C) of the fretting damage shows the crevice developed just
at the edge pf the fretting contact.
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approximately 10-20 µm long at the border of a crevice region. On the other side
of this crevice, a buildup of wear debris can be clearly seen in the backscatter
images where the dark areas are poorly adhered oxide debris.
On the Ti-6Al-4V stem, material buildup can be seen at the base of the
raised engagement ridges (Figure 4.7), again occurring in increasing amounts as
the concentration of HOCl increases. Backscatter images (Figure 4.7B, C, and D)
indicate the debris consists largely of dark TiO 2 with bright flecks of CoCrMo

Figure 4.7. Low magnification comparison of Ti-6Al-4V stem taper tested in PBS (A), 1 mM
(B), and 5 mM (C) and a high magnification (D) image of a stem taper after testing in 5 mM
HOCl solution. On these tapers, ridges are approximately 150 μm apart and 50 μm tall and
can be seen surrounded by increasing amounts of wear debris as the concentration of HOCl
increases.
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debris are scattered throughout. Outside of the taper junction, on the rim of the
CoCrMo head (high carbon, wrought ASTM-F1537) pitting can be seen resulting
from an aggressive electrochemical attack during cyclic testing in 5 mM HOCl
solutions, shown in Figure 4.8. This damage was primarily near the base of the
head, near the taper junction, rather than ubiquitous across the head.

Figure 4.8. Scanning electron microscope (SEM) images of the rim (A) and bearing
surface (B) of a CoCrMo head after long-term testing in 5 mM HOCl solutions. Note the
extensive pitting on the rim (A) which is close to the taper junction but receives no
mechanical abrasion. Pitting continues around, outside of the rim, at the bottom of the
polished bearing surface (B).

4.4. Discussion
This study of modular taper fretting corrosion in simulated inflammatory
solutions containing varying amounts of HOCl found significant increases in the
measured fretting currents in the 1 and 5 mM solutions tested. During short-term
testing 1 mM HOCl solutions resulted in up to 3-fold increase in fretting currents
over PBS, while 5 mM conditions cause up to a 5-fold elevation compared to
controls. Interestingly, the million-cycle testing at 3000 N did not follow this trend
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as the 5 mM HOCl currents were no different than the controls (p > 0.05). 1 mM
HOCl solutions generated an average fretting current double that of the PBS
conditions over 1 million cycles. To directly relate current to wear, it is important
to understand that fretting currents are generated due to the reformation of the
oxide film on the surface, which consumes virtually all of the liberated electrons
(with a negligible amount being consumed in other reduction reactions). Because
the thickness of the oxide is a voltage dependent phenomenon 75, the volume of
oxide reformed should be identical to that which was worn from the surface.
Therefore, the total charge generated during fretting is directly proportional to the
volume of oxide reformed on the surface (and thus the volume abraded),
according to Faraday’s law:
𝑄 𝜌𝑛𝐹
=
𝑉
𝑀
Where

is the charge per volume, 𝜌 is the density of the oxide reformed,

F is Faraday’s constant (96485 C/mol), and 𝑀 is the molecular weight of the
oxide. Additionally, the total charge, Q can be found directly from the current
data:

𝑄=

𝐼(𝑡)𝑑𝑡

Within this framework, we can understand that double the fretting currents
in 1 mM HOCl solutions compared to PBS controls is the result of twice the
volume of wear debris generated from the device. A study by Lord et al. of
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retrieved modular implants showed an average wear rate of 8.72 mm 3/yr of the
femoral head components of the Articular Surface Replacement (ASR TM, DePuy
Synthes) which is known for high revision rates87. In our accelerated model,
using the 1 mM HOCl, million-cycle measurements extrapolated over a year, the
volume loss from the head taper of these assemblies (assuming all currents are
due to fretting on the head taper) would be 26.9 mm 3/yr. Over the lifespan of the
implant, small amounts of HOCl within the taper junction could result in greater
levels of metallic and metal oxide particles introduced into the local tissue. Wear
debris are understood to illicit inflammatory processes, which may increase the
local concentration further.
An interesting observation from this work is the lack of difference in
measured fretting currents between 5 mM and PBS conditions during millioncycle testing. Especially since the 1 mM case did produce a difference, one
would expect the greater HOCl concentration to produce even more of an effect,
but this was not the case in the fretting current data. The images of debris
accumulation, however, indicated greater levels of debris generation in 5 mM
HOCl. Clues to explain this behavior may lie within the current data during the
test (see Figure 4.2). A current decay during long-term loading which crosses
below 0 current indicated a continuous drift of the true open circuit potential
above 500 mV (vs. Ag/AgCl) where the samples were held for the duration of the
test. The cathodic current would affect the relative rate of oxidation by causing
net reduction at the surface independent of the fretting processes, thereby
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suppressing the measured fretting currents. Baseline drift was accounted for in a
nominal sense by pausing for 2 min every 50,000 cycles and calculating fretting
currents by subtracting the average baseline before and after the loading
segment from the average current during loading.
In addition to the fretting damage observed in this study, the nonbearing,
CoCrMo surfaces adjacent to the taper junction were also damaged by the strong
oxidizing environment created by the HOCl. Here we show that during the
million-cycle taper testing in 5 mM HOCl solutions, the highly polished, highcarbon alloy surface experienced pitting corrosion as a direct result of the
increased oxidizing power of the solution. Pitting damage was localized to the
polished rim of the head that borders the taper junction. It is possible that this
area experienced more damage due to its location at the edge of the crevice,
which may have different electrochemical properties than the alloy exposed to
bulk solution.
The damage on the nonbearing surface combined with the fretting
currents measured during testing provides a more wholistic picture of how wear
and corrosion occur simultaneously in the body. The full understanding of wear
particle and corrosion debris generation could aid in the explanation of the
extensive corrosion damage seen in retrieved implants. Additionally, the
increased production of wear debris could be a source of adverse effects in the
adjacent tissue. Wear particles have been implicated in causing severe tissue
reactions as a result of long-term local inflammation processes 19,46,72,88. In
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addition to the effects of implant wear and corrosion on local tissue, it is also
important to consider the effects of biological reactions, on the device itself. Here
we show the ability of HOCl, produced during inflammation, to cause increased
fretting currents within CoCrMo/Ti-6Al-4V head-neck taper assemblies. These
results highlight the possibility of a feedback loop between an implanted metallic
device and the immune system. Complete understanding of metallic orthopedic
implants in the body should include the effect of inflammatory conditions on the
behavior of these alloys. Aggressive solution environments will affect wear and
corrosion behavior which can then amplify the local biological reactions leading
to adverse tissue effects or further corrosion.
A limitation of this study is the potentiostatic method of current
measurement. Holding the potential during cyclic loading represents another step
removed from the natural, biological environment, but allows for more in-depth
analysis of the results by controlling for variable electrochemical parameters
within the system. In a freely corroding system undergoing abrasion, the newly
exposed bare metal becomes the anode of the system and the surrounding
surface becomes the cathode where reduction will occur wherever the energy
barrier is the least, typically dependent on local microstructure. In that system,
we cannot precisely control the relative areas of the anode and cathode which
work together to affect the total current measured. Additionally, the potential
across the surface will vary with time and position introducing more uncertainty
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into the measurements. As such, an understanding of some fundamental
features within the test would be lost in a freely corroding system.
4.5. Conclusion
HOCl solutions were used as a model system of inflammatory chemistry to
assess the effect of local ROS on the fretting corrosion behavior of assembled
CoCrMo/Ti-6Al-4V head-neck taper junctions. Short-term tests of 540 cycles in 1
and 5 mM solutions generated 3- and 5-fold increase in fretting currents over
PBS controls. In further, long-term testing of the head-neck assemblies to 1
million cycles at 3000 N, loading in 1 mM HOCl solutions caused double the
average fretting currents compared to both PBS and 5 mM HOCl conditions,
however debris accumulation was greater in the 5 mM case. An average of twice
the current indicates a proportional amount of material being worn from the
surface over the full course of the experiment. HOCl was also shown to damage
nonbearing surfaces adjacent to the taper junction on the polished rim of the
wrought, high-carbon CoCrMo head. HOCl solutions, used as a surrogate for
inflammation, were shown to affect wear and corrosion of the assembled headneck tapers which is important for understanding the complete behavior of
metallic orthopedic devices within the body.
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5.

Electrosurgery Induced Damage to Ti-6Al-4V and CoCrMo Alloy

Surfaces in Orthopedic Implants In Vivo and In Vitro
The following chapter is based on a paper of the same name published in the
Journal of Arthroplasty in November 2017; vol. 32: pp 3533-3538 89.
5.1. Introduction
In a recent article, Gilbert et al. presented evidence of damage to
orthopedic implant alloy surfaces that appears to be the result of a process
termed inflammatory cell induced corrosion (ICI corrosion) 16. In a retrieval study
of 69 components, 74% were found to possess a unique corrosion patterns
which closely resembled the morphology of inflammatory cells and osteoclasts 16.
While recent work has shown that reactive oxygen species (ROS), including
hydrogen peroxide16,56, Fenton reactions55 and hypochlorous acid (see Chapter
2), associated with respiratory burst mechanisms in immune and inflammatory
cells7,37, can significantly enhance corrosion of CoCrMo alloys, some of the
particular patterns of surface damage in retrieved implant ascribed to ICI
corrosion may be the result of alternative mechanisms.
For example, one of the outstanding features on retrieved CoCrMo implant
surfaces was a wave-like appearance that often surrounded a central pit 16. This
type of damage can be found on surfaces processed by electrical discharge
machining48. The damage in the process is caused by an arc plasma interacting
directly with the surface being machined49. The circular flow of electrons and ions
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is dictated by the plasma pressure and electric field above the surface resulting
in characteristic surface damage due to the arc90. The near-surface plasma
causes local surface melting, evaporation, and subsequent sputtering.
In the operating room, surgeons make use of electrical energy applied to
the patient by means of an electrosurgical generator, which can operate at
potentials up to 5 kV and in excess of 500 kHz50,51. In total joint arthroplasty
(TJA), surgeons may operate this high voltage, high frequency energy source in
close proximity to a metallic implant in order to stop bleeding of adjacent vessels.
Due to the electrical appearance, an alternative hypothesis for the origin of
damage on retrieved implants is that the patterns may be caused by a plasma
arc associated with electrosurgical currents interacting with the surface.
Indeed, gross damage due to contact with high-frequency electrosurgery
instruments was observed in revision case studies and are believed to have
caused titanium femoral neck cracking52,53. However, to date, the surface
damage at various locations in total hip replacements resulting from
electrosurgical plasma arc damage have not been extensively studied and
documented. The current literature is relatively void of descriptions of the
interactions that may occur between electrosurgery instruments and metallic
biomaterials. Therefore, the goal of this study is to investigate electrosurgical
currents as a potential damage source of orthopedic implants and characterize
resulting damage. Furthermore, we aim to explore if these surgical instruments
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can reproduce ICI corrosion patterns found on implant retrievals as we strive to
further explore and refine the ICI corrosion hypothesis.
5.2. Materials and Methods
CoCrMo and Ti-6Al-4V disks were polished using SiC paper to 600 grit
followed by successive alumina solutions down to 0.05 μm to achieve a mirror
finish. All electrosurgery parts and accessories were obtained from Conmed
(Utica, NY). The Conmed System 2450 electrosurgical generator was used in
both monopolar and bipolar modes. In order to operate the instrument in
monopolar mode, a Conmed reusable electrosurgical pencil was used fitted with
a stainless steel straight blade, 2mm ball, or fine needle electrode and a
Macrolyte dispersive pad onto which a test disk was placed.
Various modes and settings for the electrosurgical generator were
explored in both wet and dry conditions. Standard coagulation mode was used
between powers 25-50, cut mode was used at power 50, and both macro and
micro bipolar modes were used between powers 25-100. Tests were run with the
circuit activated either before or after contact with the disk. In the former case,
power was applied and then the electrode was brought into contact with the disk.
In order to perform a wet test, 10 μL phosphate buffered saline (PBS, St.Louis,
MO) was dropped onto the surface prior to activating the circuit. The fluid droplet
was entered before or after power application with and without contacting the
surface.
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Charge transfer and damage induction was also tested in a fashion to
mimic the environment associated with taper junctions and between adjacent
metal bearing surfaces, where there may be contact or a small gap on the order
of a few μm. The active electrode was brought into contact with the backside of a
CoCrMo pin suspended above a CoCrMo disk. The CoCrMo pin - CoCrMo disk
junction was either left dry or wetted with 10 μL PBS and tested in the same
manner as above to determine if the plasma arcing will occur at these remote
junctions.
In order to test the ability of the arc to travel through tissue and cause
damage to the implant surface, the surface was covered with a hydrated 5%
agarose hydrogel and the active electrode was brought into contact with the gel
surface. Tested disks were imaged with a digital optical microscope (Hirox 8700,
Mahwah, NJ), scanning electron microscope (JEOL5600, Peabody, MA), and
atomic force microscope (Digital Instruments Nanoscope 3a, Tonawanda, NY).
These results were correlated with similar damage patterns observed on
retrieved CoCrMo and Ti-6Al-4V implants to assess similarity between the two
sources of damage.
Finally, the electrochemical properties of CoCrMo surfaces were
evaluated by anodic polarization and electrochemical impedance spectroscopy
(EIS) performed on a VersaSTAT 3 (Ametek, Berwyn, PA) and further chemical
analysis by x-ray photoelectron spectroscopy (XPS, Physical Electronics,
Chanhassen, MN), both as described in Chapter 2. Damage for these tests were
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generated on a mirror-polished CoCrMo surface with an exposed area of
approximately 0.1 cm2. The remainder of the surface was isolated from the circuit
in order to maximize the percentage of the surface area damaged. Three
samples were used for each test and the results compared by Tuckey’s test.
5.3. Results
Damage was observed in all cases regardless of alloy, surface condition,
electrode configuration, generator mode, power setting, and tip style when the
active circuit was brought into or out of contact with the metal surface or fluid
covering the surface. On a dry surface, a sustained plasma arc was produced
between the electrode tip and the alloy producing damage localized to the point
of the arc strike. Fluid on the surface served to distribute the damage over a
larger area. In both cases direct contact with the surface was not necessary to

Figure 5.1. Overview of electrosurgery-induced damage on a Co-Cr-Mo surface dry,
wet with PBS, and covered with 1mm and 3mm of hydrated agarose hydrogel
using coagulation mode at power level of 35. Figure reproduced from 89.
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achieve damage, but if contact did occur, the damage at that point was similar
across all conditions. Importantly, when tested with hydrated agarose gel on the
surface, damage was produced through up to 3 mm of gel. A gross comparison
of damage on dry, wet, and agarose covered CoCrMo surfaces can be seen in
Figure 5.1.

Figure 5.2. (A-C) DOM and (D-F) SEM images of examples of surface damage to Co-Cr-Mo
alloys (A) with bipolar setup at power 50 and wet, (B, C, E, F) monopolar setup in
coagulation mode at power 35 and wet, and (D) monopolar setup in coagulation mode at
power 35 dry. Figure reproduced from89.

CoCrMo alloys (see Figure 5.2) exhibited surface melting and material
buildup as a result of interaction with the plasma arc discharge from the
electrosurgical tip. Interactions involving fluid or gel on the surface produced
characteristic points of interaction consisting of a central spot surrounded by
many concentrically oriented smaller pits giving a ruffled or wavy appearance.
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The sizes of these individual ruffled spots ranged from 10-50 μm in diameter.
While the overlap of many of these spots gives the rough, melted appearance,
overlap of just a few spots can produce unique features that resemble finger
prints or even trails as the spot migrates. Inspection by AFM (see Figure 5.3)
revealed the central spot in the ruffled features reached up to 500 nm deep by
section analysis using Nanoscope software.

Figure 5.3. AFM deflection images of Co-Cr-Mo surfaces after damage in monopolar
configuration in coagulation mode at power 35 on a wet surface with (B) being the
scan of the white inset in (A). Figure reproduced from 89.

In contrast, the primary characteristic of damage observed on Ti-6Al-4V
surfaces (see Figure 5.4) was an extensive buildup of oxide (anodization) while
melting and pitting are not as prominent. This can be seen on dry surfaces where
Ti-6Al-4V exhibited a single pit for every arc strike instead of the area of melting
observed for Co-Cr-Mo and on wet surfaces where there were much fewer ruffled
spots. Closer examination of the individual oxide domes (dark grey areas in
Figure 5.4C, D) reveal cracking of the oxide due to rapid expansion.
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Figure 5.4. Damage to Ti-6Al-4V surfaces on (A, C, D) dry and (B) wet samples tested in
coagulation mode at power 35 in a monopolar configuration. The black arrows
represent points of contact of the electrode tip with the surface. In (C, D) the
backscatter SEM images show many oxide domes (dark patches) as prominent features
which show cracking at (D) higher magnification. Figure reproduced from 89.

Contact with the top of a CoCrMo pin suspended above a CoCrMo disk
resulted in arcing across the pin-disk gap. Inspection revealed the arc caused
damage to both adjacent surfaces similar to the damage outlined above (see
Figure 5.5). The gap could be up to approximately 100 μm. The damage
generated in these cases did not appear different than damage induced by direct
contact with the electrode tip. Localized flash melting was the dominant feature
on both surfaces across the junction.
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Figure 5.5. SEM image of example of damage to a Co-Cr-Mo disk after conducting test with
a pin suspended above the disk showing the resulting damage of the arc transfer across the
pin-disk junction. This test was done in monopolar configuration in coagulation mode at
power 35 with a dry surface. Figure reproduced from 89.

XPS analysis was done on CoCrMo surfaces contacted in dry conditions
by the electrode tip in coagulation mode at power 35. Figure 5.6 shows the
relative differences in the curve shape between PBS conditions and surfaces
damaged by electrosurgery. In the electrosurgery damage scan, a second peak
becomes visible with its center at 578.6 eV. Table 5.1 shows the Cr 2p3/2 peak
fitting which resulted in two peaks centered at binding energies of 576.3 and
578.6 eV. The latter binding energy, 578.6 eV, is an indicator of a Cr(VI) on the
surface of the disk, while the 576.3 peak is generated by the Cr(III) oxidation
state.
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Table 5.1. X-ray photoelectron spectroscopy (XPS)
curve fitting data for a CoCrMo surface damaged
with electrosurgery compared to PBS.
Condition

Cr 2p3/2 binding
energy (eV)

Peak
Height

PBS

576.8

77.3

Coag 35, dry

578.6

48.7

576.3

47.7

Figure 5.6. Sample high resolution XPS scans of the Cr2p electrons in PBS and after
surface damage by electrosurgery in coagulation mode at power 35. Note the
appearance of a peak centered at 578.6 eV in the electrosurgically damaged surface.

In comparison, similar damage characteristics were also seen in a
previous study of a cohort of retrieved total joint implants16. Figure 5.7 shows
some examples from retrieved devices with similar damage characteristics
present. There are strong similarities between these images of in vivo damage
and those generated in the laboratory using an electrosurgical unit. These
damage modes include oxide inflation, local surface melt structures, concentric
pitting, and even weld lines.
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Figure 5.7. Examples of damage found on retrieved devices matching that created by the
electrosurgical current. Figure reproduced from 89.

Electrochemical testing of CoCrMo surfaces damaged by electrosurgery
was also conducted to assess the nature of the oxide film on the surface. Anodic
polarization and EIS data are presented in Figure 5.8 and revealed more in-depth
information about the surface. Differences in the anodic polarization responses
between surfaces damaged by coagulation mode at power 35 and PBS can be
seen in the passive region of the curves as well as the OCP, where the curves
plunge towards zero. The OCP increased due to electrosurgery damage to -93 ±
18 mV (vs. Ag/AgCl) compared to -248 ± 16 mV (vs. Ag/AgCl) in undamaged
controls in PBS solution (p < 0.001). While the oxide resistance and capacitance
showed no statistical difference (p > 0.05), the passive region of the damaged
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curve shows a response that is not purely vertical but slopes to the right.
Additionally, the phase response as a function of frequency during EIS also
showed noticeable differences. The damaged surfaces did not show the same
curve shape, especially towards the high frequency end of the test. The overall
impedance magnitude behavior, however, was not different due to large variation
in the damaged data of about a half an order of magnitude, likely due to the
highly varied surface damage between samples.

Figure 5.8. Anodic polarization (A) and EIS testing (B, C) of CoCrMo surfaces damaged
by electrosurgical currents in coagulation mode at power 35, compared to
undamaged surfaces in PBS solutions. Note the qualitative differences in the shapes
of the curves in A and C, while B remains similar.
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5.4. Discussion
This study explored the nature of the interaction between electrosurgical
currents and orthopedic metal alloys and compared the resulting surface damage
characteristics with those from previous implant retrieval analyses. The results
show that patterns of surface damage seen in retrieved CoCrMo and Ti-6Al-4V
titanium implant surfaces can be reproduced in the laboratory with electrosurgical
equipment. The resultant surface damage characteristics were virtually identical
with some of the surface features seen in retrievals and indicates that
electrosurgical arc plasma discharge can induce damage to metallic surfaces in
joint replacements.

Figure 5.9. SEM images of examples of melting-type damage to Co-Cr-Mo surfaces.
The (A) weld and ripples in (B) are indications the surface was momentarily in a liquid,
or near-liquid, state. Figure reproduced from 89.

The observed damage included melting, pitting, and oxide formation and
cracking at points of direct contact which must occur at a high temperature for
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these alloys. Further evidence of a melting phenomenon can be seen in Figure
5.9 where a Co-Cr-Mo surface displays a weld line as well as other signs of
localized surface liquidation. For reference Co-Cr-Mo (ASTM 1537) melt
temperature ranges from 1350-1430℃ while Ti-6Al-4V ranges from 1604-1660℃.
The reduced melting seen on Ti surfaces is likely the result of the propensity for
oxide growth which then provides electrical insulation to the surface. Varying the
power and mode settings of the instrument did not affect the amount or type of
damage observed in any of the testing conditions. Reducing the current density
of the electrode tip did not mitigate the surface damage as one would expect.
Thus, plasma arc discharge melting of these alloys appears to occur as a
result of typical electrosurgical conditions. The surface damage, in the range of 1
um deep, can be widely spread or localized and can be generated through 3 mm
thick tissue simulants (agarose) and across metal-metal junction of the type that
include metal-metal bearing junctions and modular taper junctions. Such
damage, if induced in the primary surgery, may leave behind compromised
surfaces that would not be optimal for tribological bearing and may result in
accelerated wear. Within a mixed-alloy taper junction, one surface would be
extensively roughened (CoCrMo) while the other may be covered in a poorly
adhered, cracked oxide (Ti). Wear of these surfaces could release a large
amount of TiO2 particles from the taper, challenging the immune system. In
addition, the flash melting of the surface may render these regions more
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susceptible to corrosion attack in body fluids. Even further, transfer of tip metal
and spray of molten particles from the impact site may be possible as well.
Local melting and vaporization of the alloy surface in vivo would cause
release of metal ions and particles into the joint space at a time when the wound
healing mechanism is already primed to respond to the surgery. This influx of
material into the adjacent tissue may serve as initiation events for long-term
complications such as pseudotumors and implant loosening as inflammatory
cells are activated and drawn to the site of the debris bolus. This is especially
true with the production of Cr(VI) on the surface, which is a well-known hazard in
the body. Cr(VI) triggers the production of ROS as it is reduced to more stable,
and inert, states which can damage cellular features leading to mutations and
carcinogenesis. Additionally, once the current enters the implant, it must now exit
to on its path to ground. The exit point where the current will again interact with
tissue presents another point of possible tissue damage.
Changes in the electrochemical behavior of the surface were also
generated as a result of damage by the plasma supporting the alteration of the
oxide, either by chemistry or crystal structure. While the resistance and
capacitance were not different due to the damage due to variability in the
generated damage on the surface, the corrosion behavior during polarization
showed that as the potential ventured anodic of OCP, the damaged surface did
not display a purely passive character, compared to the undamaged case.
Additionally, OCP was higher for the damaged surface indicating there is an
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alteration in which chemical species are present and being oxidized on the
surface.
The ability of the electrical arc to cause damage to the surface through up
to 3 mm of hydrated gel has important clinical implications. The gel was used to
simulate tissue adjacent to the implant that may need to be cauterized during
surgery. Damage occurring through contact with tissue a distance away from the
device represents a potential danger for surgeons cauterizing tissue near the
implant. In addition to traveling through tissue, the ability of the arc to jump
across small gaps at a bearing surface or within a taper junction is an important
observation as well. An arc travelling in this manner would alter the local surface
topography (as shown) and chemistry on both sides of the bearing couple or
taper junction adversely affecting mechanical behavior. This could serve to
increase wear rates and change the overall fretting corrosion characteristics of
the device. Another mechanical result of such damage has already been
observed where electrosurgical damage to the femoral stem served as a point of
stress concentration during loading leading to cracking 52,53.
The results show damage closely resembling damage produced by
Schwirzke et al. on stainless steel in an experimental demonstration of the
unipolar arc model91. In this model, the sheath potential of an arc plasma creates
a central cathode spot and a buildup of an outer crater rim90. We believe damage
to the metal surface in our study was produced by a similar mechanism.
Certainly, in dry cases a bright arc was produced due to a high enough ion
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density above a single cathode spot. On a wet surface, however, the current flow
would be dispersed over multiple cathode spots causing a dissipation of the
energy which would not only result in less severe but more distributed damage
overall, but also could result in the deposition area around an individual cathode
spot being more dispersed result in the ruffled deposition pattern. In Figure 5.6b
and 5.6c such patterns are evident and include the “micro-arcs” also predicted by
Schwirzke90.
Regardless of the mechanism, we definitively show the capability of
electrosurgical currents to cause significant damage to the surface of a metal
implant. Comparing images here to those previously reported 16 we have shown
that at least some of the features described as ICI corrosion (Figure 5.1) can be
explained by damage from electrosurgical generators. There are, however,
damage modes seen in retrieval studies that present with cellular ingress that we
were not able to reproduce here (Figure 5.10). Therefore, these results do not
disprove the ICI corrosion mechanism, but rather refines the hypothesis towards
better explaining the effect of inflammatory cells on implant performance. Much
of the other severe damage, not explained by electrosurgery, appears to be the
result of accelerated corrosion processes brought about by local changes in the
environment driven by the reactive oxygen species production of inflammatory
cells.
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Figure 5.10. Examples of modes of damage from retrieved implants not reproduced
by electrosurgery in this study. Note the presence of cellular material, either inside
or nearby the severe corrosion and pits indicating the possible involvement of
inflammatory cells releasing reactive oxygen species. Figure reproduced from 89.

5.5. Conclusion
This study has shown the capability of the plasma arc discharge
associated with electrosurgical currents cause damage to the surface of a
metallic implant alloys. This damage can occur by activating an electrosurgical
electrode up to 3 mm away from the surface through a tissue-simulating
hydrogel. This finding should serve as a warning to surgeons to exercise caution
when using electrosurgery around an implant in the body. The definitive effect
this damage has on the mechanical behavior and clinical performance of the
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implant is not yet known but merits further exploration. Exploration of metal
implant damage due to electrosurgical techniques is essentially nonexistent in
the literature. Hopefully this study can serve as a basis on which to begin to
question the possible complications of this common practice around metallic
devices.
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6.

Direct culture of activated immune cells on CoCrMo surfaces: an in

vitro examination of inflammatory cell induced corrosion
6.1. Introduction
Metallic biomaterials are prized for their corrosion resistance due to the
passive oxide film on the surface. The recent observations of electrochemicallydriven damage in vivo have driven the hypothesis of immune cells causing direct
corrosion to orthopedic devices10,11. Immune cells release ROS which may
increase oxidation of orthopedic alloys leading to the types of surface damage
observed in retrieved implants. Long-term presence of immune cells reacting to
elevated metal ions and oxide wear debris have been implicated in the
development of ALTR leading to the need for revision 19,45.
Immune cells are generated in the bone marrow from the hematopoietic
stem cell (HSC)28. This work in particularly focused on neutrophils, macrophages,
and osteoclasts. Neutrophils are responsible for the acute response to foreign
bodies through ROS production and digestive enzyme activity92. They are also
responsible for recruiting and directing the subsequent cell response from the
adaptive immune system through IL-893, IL-1β94, and TNF-α95 secretion.
Nonspecific targeting and release of ROS and proteases by neutrophils has been
implicated in causing gross tissue damage in a local inflammation
environment96,97.
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Macrophages are phagocytes that develop from the monocyte and are
responsible for microbial clearance which is followed by chemokine and cytokine
production98. They also clear debris of micron- and submicron-sized particles by
phagocytosis88. Macrophages may fuse together, resulting in multinucleated cells
such as the foreign body giant cell (FBGC) and osteoclast 99. These
multinucleated cells act through a mechanism called frustrated phagocytosis
where a sealed section is formed underneath the cell and lytic enzymes and
ROS are released into the confined volume in an attempt to degrade the
surface99. In the case of osteoclasts, bone is the target surface of this process,
resulting in bone resorption as a natural consequence of bone homeostasis 100.
Osteoclasts acidify the area under the cell, the resorptive lacunae, by releasing
protons generated by carbonic anhydrase II 101. Cathepsin K is an enzyme
responsible for degradation of the organic phase of bone through ROS
production102, in concert with tartrate-resistant acid phosphatase (TRAP)103.
The effect of chemical species generated by these immune and
inflammatory cells on the corrosion of orthopedic alloys has not been significantly
studied in any systematic way. In addition, the stimuli needed to induce immune
and inflammatory cells to activate cells toward release of corrosion-inducing
chemicals is not known.
This study will directly evaluate the hypothesis that activated macrophage,
neutrophils and osteoclasts may engage in direct inflammatory cell-induced
corrosion (ICIC). These immune cells will be cultured and activated on CoCrMo
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surfaces to explore whether corrosion damage can be detected. Ideally, the
natural processes resulting from activation should cause the production and
release of ROS and lytic enzymes onto the metallic surface. This work will focus
on classically activated murine neutrophils, macrophages, and osteoclasts in
order to explore a breadth of cell types which may be relevant to ICIC.
6.2. Materials and Methods
For cell-culture experiments Co-Cr-Mo disks initially polished to 600-grit
were subsequently polished to a mirror finish with 1 μm, 0.3 μm, and 0.05 μm
alumina solutions (Metcut, Rochester, NY) in order to have a relatively flaw free
surface for damage evaluation. Following the polishing, the disks were sonicated
in 100% ethanol for 30 min as initial sterilization and to remove any remaining
polishing compounds and particles. Finally, the disks were exposed to UV light
for 2 hours and kept in a biosafety cabinet under laminar flow until ready to use.
All media was Dulbecco’s minimum essential medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin, streptomycin, and Lglutamine (PSG), all obtained from Invitrogen (Carlsbad, CA).
All experimental groups were run on Co-Cr-Mo disks topped with a
homemade polytetrafluoroethylene (PTFE) disk with 3 holes drilled through
creating 3, 8 mm diameter wells to be filled with 250 μL of media. This setup was
designed to minimize the number of mice needed for the experiment, in
accordance with the reduce, replace, refine method outlined by the NIH.
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Additionally, the setup also increased throughput and minimized the amount of
costly cytokines needed due to the small volumes, as well as allow for multiple
isolated electrochemical chambers on a single disk for future experiments, if
needed. Prior to each trial the wells were checked to ensure they were properly
sealed and electrochemically isolated from one another, indicating no electrolyte
contact between wells. Each experimental condition run on the metal disks was
paired with a duplicate group run in a multiwell plate on glass disks to monitor
progress of the experiment and obtain high magnification fluorescence images
using oil immersion post-experiment.
Under an IACUC protocol (held by Dr. Bryan Margulies) using approved
procedures, C57BL/6J mice were euthanized individually by isofluorane sedation
followed by cervical dislocation. Heartrate and respiration monitoring were used
to ensure death before continuing with dissection. The femurs were immediately
dissected and the marrow flushed with cold, complete media. The resulting
suspension contained all the cell types of interest so it was left as whole marrow
cultures. Once isolated, the cells were stimulated with various factors to produce
and activate different cell types. Stimulation of neutrophils was achieved by
addition of sodium urate to the complete media. Tests focusing on neutrophils
will be short-term tests (6hr) as this immune cell has a very short life span on the
order of hours.
Monocytes were differentiated into macrophages by the addition of 25
ng/mL macrophage colony stimulating factor (MSCF, Thermo Fisher, Waltham,
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MA) and were further activated with 100 units/mL interferon-gamma (If-g, Thermo
Fisher) to ensure an active, M1 phenotype. Macrophages were monitored, in
concurrent tissue culture plates, for the appearance of vacuoles to visually asses
their level of activation. To assess the effects of osteoclasts on the surface, the
media was treated with 25 ng/mL MCSF to produce macrophages and 25 ng/mL
recombinant activator of nuclear factor Kappa-B ligand (RANK-L, Thermo Fisher)
to stimulate macrophage fusion into multinucleated osteoclasts. This process
typically takes 7-10 days and can be monitored by visual inspection of the culture
to observe and count multinucleated cells. Activation factors were added at each
media change, twice per week. These experiments were run for 3 weeks.
Upon completion of the experiments all wells were fixed with
paraformaldehyde. In addition to DAPI (Thermo Fisher) for nuclear staining,
immunohistochemistry was used to ensure the cells were properly activated on
the metal disks during the experiment. Active neutrophils contain the protein Ly6g (in mice) as part of the pathway for increased oxidative burst while
unstimulated do not. In the macrophage population, tomato lectin (Abcam,
Cambridge, UK) was used to bind to major histocompatibility complex class II
(MHC-II), which is an indicator of myeloid lineage, and CD-16 (Abcam) was used
to identify M1 macrophages. Finally, active osteoclasts contain the tartrateresistant acid phosphatase (TRAP) enzyme (Abcam). Since all cells possess
unique proteins to indicate activation, primary antibodies for Ly-6g, CD-16, and
TRAP were paired with appropriate secondary antibodies to define a color along
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with the DAPI stain. MHC-II will be indicated with biotinylated tomato lectin and
fluorophore-tagged streptavidin will be used for color. The full
immunohistochemistry protocol can be found in the Appendix. Stained samples
were imaged on a Nikon Eclipse Ti-E (Melville, NY) inverted fluorescence
microscope. Once activation was confirmed on the metal alloys, cell were
removed by sonication and each surface will be visually inspected by DOM
(Hirox USA) and SEM (JEOL 5600) to identify any pitting or surface damage
created by direct corrosion attack.
6.3. Results

Figure 6.1. Murine bone marrow cultures stimulated with 0 (A, B), 50 (C), and 100 (D)
µg/mL sodium urate for 6 hours stained with DAPI (blue, nucleus), Tomato Lectin (green,
major histocompatibility complex-class II), and Ly-6G (red) antibody. Examples of
neutrophils (A) are stained with DAPI (blue) to highlight their characteristic lobed
nucleus. The highest level of neutrophil activation, Ly-6G-positive cells (red), coincided
with the highest level of sodium urate (D).
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Figure 6.1 shows representative fluorescence images of neutrophils
exposed to 0, 50, and 100 µg/mL sodium urate crystals. In these images, the
nuclei are blue (DAPI) and can be readily identified as neutrophil nuclei due to
their lobed appearance (polymorphonuclear, “many lobed nucleus”). The green
staining (tomato lectin) identifies cells of myeloid lineage as it strongly binds to
MHC II receptors at the cell surface. This is a secondary measure to ensure a
cell is a neutrophil. The activated neutrophils will also possess a red fluorescence
which indicates the presence of Ly-6G on the cell membrane, a protein
upregulated and integrated into the extracellular surface during activation. Very
few activated neutrophils are present in the control conditions, and the most were
seen in response to 100 µg/mL sodium urate.
Macrophages were activated to become a proinflammatory, M1 phenotype
by If-g additions. In optical inspection of the traditional cell culture dishes run in

Figure 6.2. Murine bone marrow cultures stimulated by 25 ng/mL MCSF and 100 U/mL If-g
for 3 weeks stained with DAPI (blue, nucleus), tomato lectin (green, MHC-II), and CD-16 (red)
antibody. The control wells (A) exhibit sparse green fluorescence indicating low levels of
inflammation processes. Stimulated wells (B) contained extensive MHC-II activity indicating
greater levels of inflammation.
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parallel, the macrophages became extensively vacuolated after about 5 days,
indicating their level of activation. The activated macrophages were large, highly
circular cells with abundant lysosomes present within the cytoplasm over the first
week of the experiment. Fluorescence microscopy investigation of the metal disk
surfaces, however, did not reveal extensive M1 macrophage markers present in
the culture. Two different markers were used to identify M1 macrophages, CD-16
(Figure 6.2) and B7.2 (CD-86 in human cells), neither produced significant
fluorescence.

Figure 6.3. Murine bone marrow cultures stimulated by 25 ng/mL MCSF and 25 ng/mL
RANK-L for 3 weeks stained with DAPI (blue, nucleus), tomato lectin (green, MHC-II), and
TRAP antibody (red). Controls (A), displayed low levels of MHC-II activity while stimulated
wells (B) showed high MHC-II activity but no TRAP presence or multinucleates.

For the osteoclast cultures, in parallel multi-well plates, multinicleates
became visible at about 9 days. Osteoclasts were identified as large, round cells
containing multiple nuclei. In the immunohistochemical analysis of the cells
cultured on the CoCrMo disks at 3 weeks, osteoclasts were not readily identified.
Instead the cell population largely consisted of mononuclear, myeloid-lineage
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cells as shown by the congregation of green cells labeled by tomato lectin
(Figure 6.3).
Some images of the cell-free CoCrMo surfaces are shown in Figure 6.4
and Figure 6.5. In some cases, focal adhesions can be seen as a distinct, cellshaped film on the surface, marking the location of adherent cells before
removal. Close inspection reveals features which may be damage that appears
to correspond to the location of cells. These small pit-like features are most
visible in the samples that were stimulated with sodium urate to activate

Figure 6.4. Scanning electron microscope (SEM) images of CoCrMo surfaces after cell
removal by sonication. The cells were stimulated by 100 µg/mL sodium urate. The inset of A
is shown in B, and the inset of C is shown in D. Note the dark film on the surface, which is
likely due to adhesion proteins left behind after cell removal. Also note the faint damage
within the clear zones on the metal surface.
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neutrophils. Evidence of larger cells were also visible in the wells stimulated by
100 µg/mL sodium urate which also showed indications of discoloration and
possible pitting beneath the cell (Figure 6.5). Aside from the small areas of
damage possibly related to cells, the surface maintained its polished
appearance. Macrophages and osteoclasts similarly did not produce conclusive
evidence of visible damage over the CoCrMo surface.

Figure 6.5. Scanning electron microscopy (SEM) images of CoCrMo surfaces from wells
stimulated by 100 µg/mL sodium urate for 6 hours, showing the adhesion site of a large
cell. The inset of A is shown in B where higher magnification shows small amounts of
surface damage within the adhesion site.

6.4. Discussion
This study was conducted to evaluate the capability of immune cells to
directly corrode CoCrMo surfaces. Activated immune cells of myeloid lineage
produce ROS as a consequence of normal functions such as oxidative burst and
digestive enzymes. Severe corrosion damage seen on retrieved implants is often
seen with nearby evidence of cellular activity10,11. In some case, “columnar”
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damage trails have been reported as initiating from underneath a cell-like feature
on the surface11. To investigate this in vitro, activated neutrophils, macrophages,
and osteoclasts were cultured directly on mirror polished CoCrMo surfaces. The
resulting surfaces were examined by SEM to identify and characterize any
consequential damage.
Neutrophils stimulated by sodium urate crystals showed a dosedependent level of activation as expected in this classical model. Sodium urate
crystals are the initiating agent in gout, leading to neutrophil stimulation and a
hyper-aggressive immune response causing severe pain and swelling. The
crystals stimulate the NALP3 inflammasome in neutrophils (and monocytes)
which directs downstream production of inflammatory markers and
degranulation. It has been suggested that neutrophil extracellular traps (NETs)
play a role in their response to uric acid crystals104. NETs represent an important
mechanism by which neutrophil cell-death occurs, as an alternative to apoptosis
and necrosis105,106. This mechanism culminates with the extracellular
presentation of active granule proteins including myeloperoxidase 107 and
superoxide dismutase108. This is important due to the ability of these enzymes to
produce HOCl and H2O2, respectively. The dark spotted appearance surrounding
the cell remnants in Figure 6.4 could be the result of extracellular protein
presentation on NETs.
Neutrophils, in this experiment, showed faint, inconclusive hints of surface
damage generation in response to 100 µg/mL sodium urate additions. During the
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dosing experiment, this concentration was found to produce the most Ly-6g
expression indicating mature neutrophils. The sodium urate treated wells, after
sonication, showed remnants of cell structures in areas where strong attachment
occurred. These left a characteristic “fingerprint” of the cell on the surface, seen
on SEM images as dark patches (most likely indicating proteinaceous material)
with cellular morphology. The clear areas within these cell remnants could be
spaces where an extracellular zone was created to attempt directed degradation
(Figure 6.4). Remnants of larger cells were also visible (Figure 6.5), which could
be the result of an inflammatory process initiated by the activated neutrophils.
The cell types of those larger cells are unknown at this time. Most features
(however slight) were isolated to these areas within the surface adhesion sites
suggesting a cellular origin. The cause could be a direct release of digestive
enzymes or ROS into the space between the cell and CoCrMo surface.
Considering the lack of surface damage, it is important to remember the
short time scale associated with this experiment which is far shorter than the
months and years of service where significant damage can be generated. Mature
neutrophils are very short-lived cells, with the half-life of circulating neutrophils
being about 6 hours109. In this sense, the cell species responsible for HOCl
generation, which was shown in Chapter 2 to be capable of significant surface
damage, are not present for extended periods of time in this in vitro environment.
Extended presence and HOCl release could be achieved in vivo due to the high
influx of neutrophils to a site of inflammation leading to a continuous population,
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as shown to occur even out to 15 months19. This was a significant limitation in
this model, and alternatives will be discussed in the future work chapter (Chapter
11). Rather than an individual neutrophil degrading the surface, the more likely
case is their prolonged presence and ROS release, elevates the oxidizing
potential of the local solution resulting in damage, especially near the restricted
geometries of modular taper junctions.
The other cell types used in this study, macrophages and osteoclasts,
showed less promise within this model. Macrophages at 3-weeks were only
scarcely CD-16 positive (M1 phenotype). This was in-spite of continuous MCSF
and If-g addition throughout the experiment. In vitro macrophages have been
shown to retain the ability to polarize throughout their lifespan based on changing
environmental signals110-112. In mixed-population cultures, as were run here, M1
macrophages that phagocytosed muscle cellular debris shifted to a M2
phenotype, despite initial If-g stimulation113. As a result, there is a possibility this
long-term culture was not successful in maintaining active-proinflammatory
macrophages on the surface. The mixed cell population, which included marrow
stromal cells and other species of mesenchymal lineage along with the
hematopoietic fraction, could have contributed factors to suppress inflammation,
combating our If-g additions. Additionally, long-term monocyte cultures have
shown a marked decrease in H2O2 production falling 94% around 10 days in
culture, after an initial 40% rise in the first 3 days114. Therefore, continuous
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production of aggressive oxidants may not have been achieved over the full
experiment in these wells either.
Long-term osteoclast cultures followed the same trend as above, in that
no TRAP-positive multinucleate cells were observed at 3-weeks on the CoCrMo
surfaces. The most likely cause of this is the lack of bone matrix on the surface of
the sample disk. Osteoclasts are very high energy cells, requiring a high number
of mitochondria to maintain sufficient levels of ATP for various cellular
processes102. Therefore, if there is no substrate to be resorbed, it would be
favorable for the giant cell to de-differentiate towards monocytes or undergo
apoptosis102. This issue will be addressed in the next chapter to generate
resorbing osteoclasts.
This first attempt at reproducing ICI corrosion using activated immune
cells was not a clear success but it still serves as a learning experience to further
develop our model to generate surface damage in a cell culture experiment. This
is important because these experiments, in the future, could lead to increased
understanding of the relationship between severe corrosion damage of metallic
biomaterials and ALTR. Here our study was limited by the short in vitro culture
lifespan of neutrophils where they were activated on surfaces for a small
percentage of the time that an implant in the body would be exposed to
inflammation. A way to address this in future experiments would be simultaneous
metal ion analysis of the media. This method would allow very small differences
in corrosion over a short period of time to be quantified, instead of relying on
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visual inspection. Identification of specific cell types responsible for the damage
will be crucial to creating a deeper understanding of this subject. Once these
damage events are understood more clearly, the field can work towards a
solution.
6.5. Conclusion
This chapter aimed to generate surface damage through the direct culture
and activation of neutrophils, macrophages, and osteoclasts on CoCrMo
surfaces. The surfaces were largely left undamaged, especially in the cases of
macrophage and osteoclast stimulation. We did not achieve prolonged residence
of these activated cells on the surface despite continuous stimulation by
appropriate factors. This issue will need to be addressed in future studies. Shortterm neutrophil cultures (6 hours) produced initial hints of damage beneath
strongly adherent cells in response to 100 µg/mL sodium urate stimulation.
Extensive damage, similar to retrievals, was not generated in these cultures
possibly due to the short timeframe of the experiment and the short lifespan of
neutrophils in vitro, rather than the continuous supply that would be present in
the body.
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7.

The effect of osteoclasts cultured on calcium phosphate coated

CoCrMo surfaces
7.1. Introduction
In the previous chapter we attempted to show direct corrosion of CoCrMo
surfaces by activated neutrophils, macrophages, and osteoclasts. During this
work, it was noted that osteoclasts did not maintain a sustained presence on the
surface over the full course of the experiment. The reason for this behavior could
be related to the environment in which they were cultured. The natural
environment for an osteoclast would be within the bone matrix where the cell will
interact with collagen and hydroxyapatite (HA) that direct the ultimate behavior.
Of course, the resulting behavior is degradation of the bone by digestive
enzymes as a part of normal bone homeostasis. After resorption, osteoblasts will
follow and reconstruct the tissue, resulting in a continuous presence of healthy
bone.
The importance of mimicking the natural environment of these cells was
underestimated in the work leading to the previous chapter, resulting in
unsatisfactory osteoclast performance. The bone matrix is integral to binding and
downstream changes necessary for bone resorption. Apatite minerals have been
shown to mediate sealing zone formation in osteoclasts through c-src and Rho
signaling pathways115. This specialized structure is critical to the ability of
osteoclasts to degrade the bone matrix116.
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Various methods have been developed to generate calcium phosphate
(CaP)-based coatings on metal biomaterials. Precipitation from a supersaturated
calcification solution with additions of 𝑁𝑎𝐶𝑂 generated a 40 µm film of tunable
composition117. Plasma spraying has been used as a fast, economical process
for CaP surface coatings118. CaP powders are carried via gas stream through a
plasma, which creates a molten salt that is then sprayed onto a prepared
surface119. Sputter coating tends to produce uniform, but dense coatings 120.
Laser deposition, has also been explored and results in coatings with tunable
morphologies and mechanical properties121. Electrophoretic processes for
deposition are able to form porous thin films on interfaces of complex shapes 122.
Resorption occurs beneath an osteoclast through alteration of the
microenvironment created by the cell. One a zone is sealed off between the cell
and the bone matrix, this extracellular space is acidified by vacuolar H +adenosine triphosphatase (H+-ATPase) to degrade the inorganic phase 101. Local
pH measurements have detected acidic environments down to a level of 4.7 123.
Degradation of the organic portion of the matrix, largely type I collagen, is
primarily due to cathepsin K activity124. Another enzyme capable of degrading the
collagen phase is tartrate-resistant acid phosphatase (TRAP). Due to its
binuclear iron core, TRAP is capable of producing ROS through Fenton
reactions125. Additionally, ROS production by TRAP can be accelerated by
cleavage by cathepsin K103. With the above in mind, the goal of this study was to
direct osteoclast activation and resorption on a calcium phosphate-coated
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CoCrMo surface. It is hypothesized that activated osteoclasts on the surface will
resorb through the coating, creating damage on the underlying metal.
7.2. Materials and Methods
CoCrMo disks were polished to a mirror finish through 0.05 µm alumina
solution, as described in earlier chapters. The disks were then cleaned and
sterilized by sonication in 100% ethanol, followed by 2-hour UV exposure.
Complete media consisted of DMEM with 10% FBS and 1% PSG from Invitrogen
(Carlsbad, CA).
Sample disks were coated with calcium phosphate by an electrodeposition
method described by Misra et al. on stainless steel surfaces 126. 𝐶𝑎(𝑁𝑂 ) ∙ 4𝐻 𝑂
and (𝑁𝐻 )𝐻 𝑃𝑂 (Thermo Fisher, Waltham, MA) were added to deionized water
such that the molar Ca:P ratio was 1.67:1, matching native hydroxyapatite. The
resulting solution was magnetically stirred for 10 min to ensure an evenly mixed
suspension, then added to an electrochemical chamber for deposition. The
polished CoCrMo disk was used as the working electrode, a carbon rod counter
electrode, and a Ag/AgCl reference electrode. Deposition was driven by a
cathodic current density of 15 mA/cm2 for 1 min to create a thin layer using a
Solatron 1380B (Solatron Analytical, Hampshire, UK). The resulting disk was
sterilized by autoclave with a 45 min/45 min steam/dry cycle at 121℃. After
sterilization, disks were fitted with the PTFE 3-well cover, as in the previous
chapter, to reduce the amount of cells and materials needed for the study. The
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assembled apparatus was tested for seal integrity and electrical isolation from
one another prior to use.
8-week, C57BL/6J mice were euthanized by CO2 asphyxiation followed by
cervical dislocation as a secondary method (IACUC #P8-15). Cell isolation and
stimulation were carried out similar to the previous chapter. Briefly, the marrow
was flushed from dissected femurs using cold media. The isolated cells were
centrifuged and resuspended at a concentration of 4x10 6 cells/mL and 250 µL
was added to each well. Osteoclasts were generated using 25 ng/mL MCSF and
25 ng/mL RANK-L (Thermo Fisher) added at each media change over a 3-week
experimental time course. Media was changed twice weekly and four samples
were in each group.
Simultaneous trials were carried out in traditional 24-well plates to monitor
progress of the cells. Additionally, a modified 24-well plate was used with a
physically deposited CaP layer to test resorption capabilities of the generated
osteoclasts. 𝐶𝑎(𝑁𝑂 ) ∙ 4𝐻 𝑂 and (𝑁𝐻 )𝐻 𝑃𝑂 were added to tetrahydrofuran
(THF, Thermo Fisher) and mixed well until completely dissolved. 100 µL of the
resulting solution was added to each well and the solvent allowed to evaporate,
resulting in an amorphous salt layer on the surface. This surface was gently
rinsed multiple times with DI water to remove any loose salts.
After 3 weeks paraformaldehyde was used to fix the cells in preparation
for immunohistochemistry. DAPI (Thermo Fisher) was used as a nuclear stain
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and osteoclasts were identified via tomato lectin and TRAP antibody (Abcam).
Stained samples were imaged with a Nikon Eclipse Ti-E inverted fluorescence
microscope. The PTFE disk was carefully removed and inverted into a petri dish
with a small layer of water to allow for imaging of the metal surface. Next, the
metal sample disks were briefly sonicated to remove cells and imaged by SEM
(JEOL 5600), after desiccation overnight. The coated well plates were stained
with toluidine blue, which stains the mineral matrix a light purple, and nuclei blue.
These plates were imaged with DOM (HIROX USA) and then sonicated to
remove cells and reimaged by DOM to visualize the underlying mineral surface.
Additionally, cell-free trials were run in complete media to assess the stability of
the coating without the effect of cells.
7.3. Results
Electrodeposition of CaP resulted in a highly dendritic surface coating for
the as-deposited sample (Figure 7.1). This suggests a relatively thick CaP

Figure 7.1. As deposited calcium phosphate coating on CoCrMo alloy disks (A) formed by
electrodeposition resulting in a dendritic layer with a Ca: P ratio of 1.65:1 from EDS
measurements (B).

118

deposition layer, while long, narrow crystals growing in clusters is an indication of
HA composition. EDS analysis of these surface coatings revealed a Ca:P ratio of
about 1.65 (±0.045):1. The dendritic structure collapsed as a result of the steam
sterilization cycle producing a uniform, porous coating (see Figure 7.2). The EDS
signal was identical before and after the steam sterilization cycle, indicating no
change to the chemical structure of the film. The stability and adherence of the
film was tested by simple immersion in phosphate buffered saline solutions.
There was no observable degradation of the coating after 4 weeks immersion.

Figure 7.2. Scanning electron microscope (SEM) images of the electrodeposited
calcium phosphate coating on CoCrMo disks after steam sterilization. Note the
porous nature of the film.
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Figure 7.3. Fluorescence microscope images of murine bone marrow cultures stimulated
with nothing (A) or MCSF and RANK-L (B) for 3 weeks. Cells were stained with DAPI (blue),
tomato lectin (green), and TRAP antibody (red). Note the yellow tint of the cells in B,
indicating the colocation of MHC-II and TRAP, which is indicative of osteoclasts.
Multinucleates are boxed and two are presented below B with the cell outlined and the
nuclei starred.

Figure 7.3 shows the overall cultures where cells containing TRAP are
yellow due to the overlay of tomato lectin (green) and TRAP-antibody (red).
Some of the multinucleates are highlighted and shown in further detail. The
majority of the multinucleate cells contained 3 nuclei clustered towards one side
of the cell. MCSF and RANK-L was still needed in order to drive osteoclast
formation, as the control wells showed very little TRAP activity.
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Disks were imaged by SEM after sonication to remove the cells, shown in
Figure 7.4. There are clear areas where resorption took place through the
coating, exposing the underlying metal surface. These pits were on the order of
50-100 μm in diameter. Resorption of the CaP coating indicates the osteoclasts
on the surface were active during the experiment. EDS of these spots (see
Figure 7.5) show that the interior of the cleared areas lack Ca and P signals,

Figure 7.4. Scanning electron microscope (SEM) images of resorption pits through the
CaP coating on polished CoCrMo disks generated by osteoclasts formed in murine bone
marrow cultures stimulated with MCSF and RANK-L for 3 weeks. Resorption pits ranged
from 50-100 µm in diameter and were typically highly circular. Note that within the
resorbed area, the bare metal is visible but does not show signs of direct damage.
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confirming that nearly complete resorption took place. Closer inspection in Figure
4 shows a relatively pristine surface within the resorption pits.

Figure 7.5. Scanning electron microscope (SEM) image (A) of a single resorption pit
accompanied by energy dispersive x-ray spectroscopy (EDS) analysis inside (B) and
outside (C) the resorbed area. Note the complete lack of Ca and P signals in B at the
center of the resorption pit.

The coated plates run in parallel during the experiment also showed signs
of osteoclast activity and resorption, indicating a healthy immune cell population
from the donor animals. Staining with toluidine blue highlighted the calcium
phosphate surface along with the cells seeded onto it. Removal of the cells by
sonication showed classical resorption pits into the deposited surface (Figure
7.6) when inspected by DOM. Pits on the order of 100 μm can again be seen in
Figure 7.6.
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Figure 7.6. Digital optical microscope (DOM) images of calcium-phosphate coated 24-well
plates which contained murine bone marrow cultures stimulated for 3 weeks with MCSF
and RANK-L before (A) and after (B) sonication to remove cells from the surface. Toluidine
blue staining (A) highlights biological material as well as the deposited mineral coating
while classic resorption pits can be seen in B.

7.4. Discussion
Osteoclasts need a variety of signals to initiate proper functional
characteristics. A critical factor in resorption is the formation of a sealing zone
into which the cell can release protons and lytic enzymes 100. The sealing zone is
regulated by cell-surface interactions in recognition of normal bone matrix
components115,116. The aim of this experiment was to present osteoclasts with a
surface that mimicked natural bone to stimulate resorptive mechanisms on
CoCrMo disks. In the previous chapter, osteoclasts caused insignificant damage
to polished CoCrMo surfaces, most likely due to a lack of activation of this
mechanism on the bare metal. Here, we explored the effect of released of ROS
directed at CaP resorption could also cause damage to a metal alloy beneath the
coating.

123

The deposited coating, created by electrodeposition on highly polished
CoCrMo surfaces, was most likely hydroxyapatite. The natural ratio of Ca:P in
HA is 1.67:1 which was very close to the value measured by EDS in this study
(1.65 ± 0.045:1), exhibiting a difference of about 1%. A comparison of the
detectable molar ratios by EDS on rough CaP samples determined a measured
value of 1.63 ± 0.14127. Since the molar ratio of the deposited material was so
close to natural HA, no further characterization was conducted, as an extensive
study was carried out by the researchers that developed the method used
here128.
The HA coating of the metal disk was the only difference within the
osteoclast cultures between this chapter and the previous one, highlighting the
significance of the substrate for osteoclast experiments. In this case, TRAPpositive cells were visible at the 3-week time point. Resorption occurred on these
surfaces, leaving behind circular areas ranging between 50 and 100 µm in
diameter. The average number of nuclei observed in the multinucleates was 3,
which were typically clustered towards one side of the cell. This may be an
indication of classical osteoclast polarization suggesting actively resorbing cells
within the culture. Within the 24-well plates, resorption was also observed
through a physically-deposited CaP coating. This was done as a simple,
inexpensive substitute for the classic dentine disk.
The underlying metal surface, however, did not show signs of surface
damage. This could point to an inability of osteoclasts to cause direct corrosion
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damage to CoCrMo surfaces. While they do possess ROS-producing enzymes
and have been shown to generate the potent hydroxyl radical, the concurrent
activity of the H+-ATPase at the membrane could be preventing corrosion at the
surface. The mineral phase is degraded by the addition of protons by H +-ATPase
to acidify the environment causing dissolution101. Previous studies have shown
low pH can offer protection for the surface in solutions containing ROS, such as
H2O255,56. The impedance of the surface increases due to the greater stability of
the oxide film.
This study, in concert with the previous chapter, provide guidance on the
types of cells that may be involved in generating the types of damage seen on
retrieved implants. At this time, there is little evidence that osteoclasts are the
offending cell type. Instead, the damage could be a result of interaction with the
more aggressive, mononuclear phagocytes and neutrophils. This study faced
similar limitations to the previous work in that we may not be accurately
representing the in vivo milieu. Cells in an inflamed joint capsule may be
receiving additional activation factors and continuous cell reinforcement, which
were not represented here. Also, in this study, we were limited by visual
inspection of the alloy surface. Corrosion could have also been monitored by Cr
and Co metal ion measurements throughout the study. Ion measurements by
atomic absorption spectroscopy (AAS) or inductively-coupled plasma mass
spectroscopy (ICP-MS) should be carried out in future tests.
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On the materials side, CaP coatings of orthopedic implants are typically
isolated to Ti components which are to be in direct contact with bone, rather than
the CoCrMo surfaces as used here. The purpose is to encourage boney ingrowth
to provide strong fixation for the device. As such, damage from an osteoclast is
more likely to occur as a result of a cell resorbing material adjacent to the
CoCrMo surface causing a leaching of the lytic enzymes and ROS onto the
metallic device, rather than direct adhesion to a CoCrMo surface. This situation
was not mimicked here because the goal of this study was to observe the
possibility of osteoclast-driven damage, before taking the next step towards a
more biologically relevant model.
7.5. Conclusion
The electrodeposition of CaP (in the form of HA) along with a classical
osteoclast activation protocol in murine whole marrow cultures produced TRAPpositive multinucleates. Osteoclasts directly cultured on HA-coated CoCrMo
surfaces failed to produce corrosion damage at the interface despite clear
resorption through the HA coating. SEM and EDS analysis of the surfaces
confirmed removal of the coating, exposing bare metal that showed no signs of
damage. These results serve to further refine the hypothesis of inflammatory cellinduced corrosion by narrowing the cell types which may be involved and the
mechanisms by which damage may be generated.
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8.

Direct detection of hypochlorous acid generation in murine bone

marrow cultures in response to fretting corrosion processes
8.1. Introduction
Metallic biomaterials used in orthopedics are made up of alloys which are
generally considered to be the most biocompatible metals available, consisting of
stainless steel, titanium-based, and cobalt chromium molybdenum alloys.
Fretting corrosion processes are responsible for the generation of wear debris as
well as cathodic voltage excursions in accordance with the theory of
mechanically-assisted corrosion (MAC) which is described in greater detail in
Chapter 3. Adverse local tissue reactions in patients are generally understood to
be a result of long-term immune responses to MAC processes. Exposure to
metal ions and wear particles direct the release of inflammatory factors including
cytokines and chemokines. Furthermore, cell viability has been shown to directly
affected by electrochemical processes and fretting corrosion 129-135.
Osteoblasts and monocytes/macrophages cultured on cathodically
polarized Ti-6Al-4V surfaces displayed an elevated internal ROS level detected
via the probe 2′,7′-dichlorodihydro-fluoresceine-diacetate (DCDHF-DA) 129.
Additionally, these cells showed decreased metabolic activity in response to the
electrochemical stimulation129. Further, the monocyte/macrophage cells used in
the study showed greater tolerance to the added oxidative stress created by the
polarized Ti-6Al-4V surface as well as direct additions of H 2O2129. Cell viability in
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response to polarization has been studied on Ti130,132,133 and CoCrMo131,134
surfaces over the past decade. Preosteoblasts cultured on Ti-6Al-4V were shown
to have reduced viability below -400 mV (vs. Ag/AgCl) over a 24 hr period, while
at -1000 mV (vs. Ag/AgCl), cells were killed within 2 hr 132. Furthermore, fretting
corrosion in the presence of MC3T3 preosteoblasts showed that both wear
particles and cathodic potential excursions work in concert to affect cell
viability135.
Mechanisms by which immune cells produce and release ROS are well
understood and reviewed extensively in the literature, as well as outlined in
previous chapters. More specific to metallic biomaterials, ROS production in
response to corrosion products and wear particles have not been studied in
depth. Our knowledge of metal toxicity and oxidative stress comes mostly from
environmental chemistry research43,61,136. Chromium(VI) ions137 and TiO2
nanoparticles138 have been shown to directly result in ROS generation within
cells.
In Chapter 2 we showed the profound effect hypochlorous acid (HOCl)
can have on the corrosion behavior of CoCrMo surfaces, even generating
damage. Those experiments were carried out by systematic additions of HOCl to
PBS solutions to characterize its effect on the surface. Of course, in the body,
HOCl in generated and released naturally by activated immune cells. Therefore,
we are interested in characterizing the ability of immune cells to release ROS in
the presence of orthopedic biomaterial surfaces in response to stimuli
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representative of fretting corrosion processes. The goal of this study is to quantify
HOCl generation within murine bone marrow cultures stimulated by cathodic
voltage excursions and metallic wear particles.
8.2. Materials and Methods
A fluorescence, boron-dipyrromethene (BODIPY)-based HOCl-specific
indicator dye was used for detection in this study. The indicator was synthesized
according to a procedure outlined by Liu and Wu in 2013 139. All reagents were
obtained from Thermo Fisher. First, 200 mg of diphenyl diselenide and 200 mg of
Dithiothreitol (DTT) was added to 2 mL anhydrous dimethyl formamide (DMF)
and stirred for 30 min at 80ºC under N2 atmosphere. 200 mg obromobenzaldehyde was added to the mixture and stirred for another 15 min.
0.375 mL 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was then added and the
reaction was stirred for an additional 15 min. The solvent was removed under
vacuum and the residual yellow oil was extracted with 5 mL dichloromethane
(CH2Cl2) in preparation for the next phase of the reaction.
To the above mixture, 0.03 mL trifluoroacetic acid (TFA) (0.03 mL) and 2
mL pyrrole were added and the mixture stirred for 6 hr at room temperature
under N2 atmosphere. This mixture was washed with water and extracted with 10
mL CH2Cl2. The organic phase was then dried over anhydrous MgSO 4. 200 mg
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was added to the solution and
stirred for 30 min under N2 atmosphere. Next, 1 mL triethylamine was added to

129

the solution and in another 5 min, 1 mL BF3∙Et2O was added and stirred for 2 hr.
The reaction mixture was extracted with CH2Cl2 and the organic phase was dried
over anhydrous MgSO4. The product was purified by column chromatography
(hexane: dichloromethane = 2:1) to give the compound HCSe as a dark red solid.
The compound was dissolved in dimethyl sulfoxide (DMSO) to be added to cell
culture wells.
CoCrMo (ASTM-F1537) sample disks were polished to 600-grit, sonicated
in 100% ethanol for 30 min, exposed to UV light for 2 hr, and stored in a
biosafety cabinet under laminar flow until ready for use in electrochemical cell
culture experiments. The electrochemical chambers for cell culture were similar
to those previously published by our
group130. Briefly (see Figure 8.1), a
threaded glass tube with a collar
allowed for the metal sample to be
tightly screwed by a nylon bushing onto
an O-ring within the collar. Electrical
connection was made for the working
electrode via a stainless-steel rod which
threaded into a washer fitted between
the sample and the bushing. The
counter electrode was a carbon rod and
the reference electrode was a
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Figure 8.1. Schematic of electrochemical
cell culture chamber fitted with a 600-grit
polished CoCrMo disk.

chlorided-silver wire. Experimental conditions not requiring the application of
electrochemistry were run in traditional 24-well culture dishes.
Wear particles for cell stimulation were generated by placing 600-grit
polished, sterile disks of similar material onto each other and abrading via
sonication in PBS for 6 hr. The disks used for wear particle generation were
either CoCrMo or Ti-6Al-4V, and the resulting particles were washed three times
with 70% ethanol and resuspended in sterile deionized water at 1 g/mL and
stored under laminar flow. No further characterization was conducted on the
particles.
The cell culture media used in this experiment was DMEM supplemented
with 10% FBS, and 1% PSG. In this study, 6-week old C57BL/6 mice were
euthanized by CO2 asphyxiation at a displacement rate of 20% of the chamber
volume for 10 min. Bone marrow from these mice was harvested according to the
previous chapters and used whole, after dilution to 4 million cells/mL. 20 million
cells were added to the electrochemical chambers and the surfaces were biased
to either -500 or -1000 mV (vs. AgCl wire). 2 million cells were added to each
tissue culture well and 100 µg/mL of wear particles generated by Ti-6Al-4V or
CoCrMo were added to the experimental wells. Additional wells were stimulated
by either monosodium urate (MSU) or lipopolysaccharide (LPS) as classical
activators of inflammation. All groups were run with 4 samples for a period of 2
hours. Analysis of variances (ANOVA) tests were run on the data with a post-hoc
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Each condition consisted of four samples and Tukey’s significance test was used
to determine significance.
All experimental wells were supplemented at the start of the tests with 1
mM HCSe. This concentration was chosen to keep the DMSO content below
toxic levels of about 2 vol%. After 2 hours, 0.5 mL of fluid from each well was
removed after vigorous shaking and added to 24-well plates for measurement in
the plate reader. The solutions were measured for fluorescence intensity in a
Biotek Synergy 2 multimode plate reader (Winooski, VT) with excitation and
emission wavelengths of 485 and 528 nm, respectively. Calibration trials were
run using additions of known HOCl concentration into complete media, in order
mimic the experimental system as closely as possible.
8.3. Results
After a multi-day synthesis, the HOCl
indicator was isolated by column chromatography
(Figure 8.2) producing a deep red fraction which
contained the dye of interest. The solvent was
evaporated to produce a dark red residue which
was then dissolved in dimethyl sulfoxide for use in
cell culture experiments. This solvent was
selected due to its sufficient polarity to
dissolve the dye and its ability to carry the
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Figure 8.2. Column chromatography
separation of the HCSe indicator dye
via a 2: 1 - hexane: dichloromethane
elution.

dye into cells. Care was taken to use the dye in amounts that would keep the
DMSO concentration below toxic levels, < ~2%.
A calibration curve was constructed in complete cell culture media and is
presented in Figure 8.3. This calibration was highly linear over the full range of
tested concentrations up to 10 mM HOCl in complete media. The solutions of
known HOCl concentration were added to complete media supplemented with 1
mM dye and stirred for 30 min. Additional testing was conducted to ensure the
dye would not react directly with a polarized metal surface to produce
fluorescence (also Figure 8.3). For this test, a CoCrMo sample was loaded into
an electrochemical chamber and biased to -1 V (vs. Ag/AgCl) for 1 hr in the
presence of the dye. Ultimately, there was no resulting fluorescence from this
control test.

Figure 8.3. Calibration experiments with known additions of HOCl into complete
media solutions containing 1 mM HCSe (A) showing a highly linear relationship
between HOCl concentration and measured normalized fluorescence intensity
measured at 528 nm. Testing was also conducted by seeding 1 mM HCSe containing
PBS solutions onto CoCrMo surfaces (B) biased at 0 and -1 V (labeled “biased”) for 1
hr to test direct reactivity to a polarized surface.
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The results of these measurements from cathodically biased and unbiased
disks are presented in Figure 8.4. Marrow cultured directly on cathodically-biased
CoCrMo surfaces produced a significantly different fluorescence intensity (p <
0.05) in the -1000 mV (vs. Ag/AgCl) condition compared to the other conditions.
Interestingly, the open circuit condition generated a measurable fluorescence
intensity difference over the dye control, indicating production of HOCl within
those cultures. Measured intensities between OCP and -500 mV (vs. Ag/AgCl)
conditions were not different from each other (p > 0.05). Applying the calibration
equation, we found that over the course of 2 hours, 23.9 ± 4.5 µmols (4.78 ± 0.9
mM) of HOCl were generated in response to -500 mV (vs. AgCl) stimulation and
40.8 ± 8.8 µmols (8.16 ± 1.7 mM) HOCl were produced in the -1000 mV (vs.
AgCl) condition while resting, open circuit conditions produced 25.4 ± 3.8 μmols
(5.08 ± 0.8 mM) HOCl. Surprisingly, cells stimulated with wear particles and

Figure 8.4. Fluorescence Intensity measurements at 528 nm after 2 hr cathodically
biased whole marrow culture experiments. The dye control is the baseline indicator
intensity in the absence of cells. OCP serves as the cell control where no bias was
applied to the sample disk. * represents p < 0.05, n = 4.
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inflammatory factors did not produce fluorescence signals greater than the
controls (p > 0.05), shown in Figure 8.5.

Figure 8.5. Fluorescence intensity measurements at 528 nm for whole marrow
cultures stimulated with wear particles (CoCr and Ti) and classic inflammatory
factors (MSU and LPS). No groups showed statistical significance, n = 4.

8.4. Discussion
Immune cells such as neutrophils and macrophages produce ROS
through the respiratory burst pathway in response to foreign materials or cellular
debris. Within the field of metallic biomaterials, the ability of immune cells to
generate ROS in response to corrosion and wear products is much less
understood. While studies often focus on the release of cytokines and
recruitment factors, little is known about the expression of ROS-generating
proteins in response to corrosion and wear debris. Metal cations and oxide debris
are constantly introduced to the local tissue through MAC processes, creating
continuous aggravation for the nearby immune cells.
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In recent years, cells have been shown to respond directly to
electrochemical processes, primarily reduction-based reactions, on metallic
surfaces129-135. There is also evidence of elevated internal ROS levels within a
monocyte-like cell line resulting from culture on biased Ti surfaces 129. Given the
dramatic effect of HOCl on CoCrMo surfaces described in Chapter 2, this study
focused on the ability of immune cells to produce significant amounts of HOCl in
response to cathodic potentials and metallic wear particles.
Marrow in this study was used whole in order to keep a natural balance of
cell types near the surface. In the body, the implant would be surrounded by
mesenchymal-and hematopoietic-lineage cells. Since HOCl is generated mainly
by neutrophils, detection within the culture media indicates activation and release
specifically from these cells. Indeed, a significant amount of HOCl was detected
in response to a cathodic bias of CoCrMo surfaces to -1000 mV (Ag/AgCl).
These potentials can be achieved on biomaterial surfaces due to oxide
abrasion74. HOCl was also detected at elevated levels in the OCP and -500 mV
conditions, at relatively equal amounts between these cases. This may point to a
euthanasia-dependent activation of the neutrophils to produce HOCl that is not
further stimulated by the mild -500 mV (vs. Ag/AgCl) condition.
The absence of HOCl detection in excess of control groups in response to
wear particle additions and classical inflammation activators was surprising.
MSU140 and LPS141 are understood to be potent activators of neutrophils which
should result in MPO upregulation. As with the cathodically-biased results, a
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possible explanation of this result is that the neutrophils were already primed due
to the euthanasia process, resulting in a baseline HOCl level that was not further
aggravated by the stimuli. Euthanasia by various methods of CO 2 asphyxiation
has been shown to alter the lymphocyte population and cytokine production
within C57BL/6 mice142. Detailed characterizations of this response are not
discussed in the literature. Additionally, the mice were not dissected immediately
upon euthanasia, as the primary research team who were donating the mice for
tissue collection, performed initial testing and tissue isolation for their needs.
As for the wear particles, immune cells are thought to react with
endotoxins adsorbed onto debris surfaces rather than directly with the
metal34,143,144. Others, have shown that in high concentrations, Ti particles can
directly cause increased activation and cytokine release independent of
endotoxin content removed by stringent cleaning procedures 88. Considering the
extensive sterilization procedures used for sample preparation in this study, the
particles could have been free of adsorbed endotoxins limiting their immune
triggering abilities. If they were endotoxin-free, the levels of metal debris may not
have reached high enough concentrations to illicit a response.
There are multiple mechanisms by which the activation of neutrophils and
subsequent release of HOCl could be triggered. Damage-associated molecular
pathogens (DAMPs) are endogenous inflammatory molecules released from
stressed or dying cells, activating the toll-like receptor pathways 145. A specific
DAMP, high-mobility group box 1 (HMGB-1) protein, released from the nucleus of
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dying cells146 has been shown to cause NADPH oxidase activation in neutrophils
leading to increased ROS production147. Additionally, an inflammatory reaction to
nearby cell death has been shown to proceed via interleukin-1α (IL-1α) binding to
the IL-1 receptor on neutrophils causing an immune cell population increase in
mice148.
The viability threshold for MC3T3 preosteoblasts was shown to be -400
mV (vs. Ag/AgCl), meaning cell death occurred at potentials below this point 132.
Consequently, in this study, cell death could be occurring within the adherent,
mesenchymal cell population due to the cathodic bias which may result in DAMP
release into the media, activating suspended neutrophils. The differential HOCl
release between the potentials tested here may be the result of a voltage
dependent effect on the time required for apoptosis. This effect was shown on Ti6Al-4V, where 100% killing of MC3T3 cells occurred in 4 hr at -1000 mV (vs.
Ag/AgCl) and required 24 hr when exposed to -400 mV (vs. Ag/AgCl) 132. This
would explain our finding that HOCl was not detected in greater levels at a bias
of -500 mV (vs. Ag/AgCl) as compared to the OCP disks for 2 hr. It is likely not
much cell death occurred during the experiment in under these conditions, due to
the time-dependent nature of this response. In this study, the more negative
potential of -1000 mV (vs. Ag/AgCl) most likely caused more cell death within the
2 hr test period, leading to higher DAMP concentrations within the media,
compared to controls.
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Recent work has also shown that U937 lymphocytic leukemia cells
displayed a wider viability range compared to the MC3T3 cell line 149, suggesting
that immune cells may better tolerate the electrochemical stress. This result
confirmed previous work in a similar cell line, THP-1 monocytic leukemia 129. As a
result, in these whole marrow cultures, preferential killing of the stromal fraction
could occur while the more tolerant immune cells may be left unharmed (and
potentially more activated). Additionally, cathodic polarization of Ti-6Al-4V
samples seeded with THP-1 cells were shown to increase internal ROS levels in
a dose-dependent manner129. This represents another pathway by which HOCl
production could have occurred through direct response to the cathodic bias, in
addition to a reaction to soluble DAMPs and IL-1α from the injured cells.
Additionally, cathodic biases have been predicted to directly lead to ROS
generation on a metallic surface3,131,132. H2O2 generated directly on a polarized
surface may interact with neutrophil extracellular traps (NETs) directly to produce
HOCl at a rate dependent on evolution from the surface. This pathway of ROS
generation has not been conclusively shown and would be an important addition
to the literature.
Ultimately, the production of HOCl in response to MAC processes such as
cathodic voltage excursions has significant implications for implanted metallic
biomaterials. HOCl has been shown in earlier chapters to affect the corrosion
and tribocorrosion of orthopedic alloys, resulting in increased material loss and
the possible release of harmful byproducts into the local tissue. Additionally,
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ROS, including HOCl, can cause direct damage to tissue 38,39,97,108,150 which could
lead to ALTR resulting in excess pain and the need to revise the implant. With
increased transition metal cations (e.g., Co, Cr ions), increased Fenton reactions
are possible leading to an increase in hydroxide radicals and other reaction
species. This represents a complex multi-pathway feedback system between
corrosion, inflammation and ROS. This mechanism certainly warrants further
investigation as a pathway which could initiate the development of negative
patient outcomes. Future studies of the relationship between wear particles and
MPO upregulation would also be an important addition to the current literature.
One limitation of this study is the mixed cell population was not
characterized to give a direct measurement of the amount of HOCl generated per
number of neutrophils. This would give a better comparison to the in vivo
environment during inflammation where neutrophils can make up a large
percentage (50-100%) of white blood cell populations of up to 75 million cells
within the joint151. Even so, our measured concentration falls within the predicted
range of 50 mM HOCl54. Additionally, within the neutrophil phagosome, HOCl
production has been modeled at over 100 mM/min152. This study highlights the
importance of understanding the complex interaction of inflammatory processes
with metallic implant surfaces. Future studies should focus on the direct
production of ROS under different conditions by various cell types in order to
better understand the range of responses which could generate oxidizing
environments adjacent to the surface.
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8.5. Conclusion
Murine whole marrow cultures were stimulated by cathodic potentials,
which can develop during MAC on CoCrMo disks resulting in the detection of
significant levels of HOCl within the culture system. In this study, an HOClspecific fluorescent dye was used to detect release of this ROS. Exposure to a
CoCrMo surface polarization of -1 V (vs. Ag/AgCl) generated 40.8 µmols HOCl
over a period of 2 hours. Introduction of metallic wear particles in this study did
not induce HOCl production within this study. These results indicate that
neutrophils nearby to cathodically-biased CoCrMo surfaces can produce
measurable amounts of HOCl in response to the voltage.
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9.

Discussion
9.1. Summary
Metallic biomaterials have proven favorable in orthopedic applications due

to their excellent load-bearing properties and overall corrosion resistance owed
to a passive oxide film on the surface. Interactions of orthopedic implant
degradation with the local tissue have been focused on the processes by which
wear and corrosion debris affect biology. This dissertation aimed to expand on
this view in an effort to highlight the existence of a positive-feedback loop
between the behavior of the implant surface and the response within local
tissues. The main hypothesis of this paradigm is that biological processes such
as inflammation produce ROS, including HOCl, which may accelerate corrosion
of metallic biomaterial surfaces leading to increased aggravation of the immune
system. There is a significant deficit in the current literature of how the body’s
natural defense system can adversely affect orthopedic alloys, which constitutes
an important portion of this feedback loop. Increased corrosion products leading
to acceleration of a local immune response could contribute to overall tissue
damage adjacent to the implant, possibly leading to clinical ALTR conditions.
Recent evidence of severe corrosion present on failed orthopedic
devices10,11 provide in vivo evidence of direct, cell-based damage mechanisms in
retrieval studies. Pitting, etching, and intergranular corrosion on retrieved
implants indicate a local presence of highly oxidizing conditions at the surface.
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This dissertation focused on HOCl as a model for the ROS released during
inflammatory reactions. HOCl is released almost exclusively by neutrophils
through the activity of MPO153 and these cells have been found in elevated levels
in the synovial fluid of patients with ALTR19. Development of a model system to
better recreate the biological environment would be an important advancement in
metallic biomaterials research and innovation, where the performance and
composition of a metal surface is dependent on the specific chemical
environment in which it operates.
Through this study we assessed the effect of HOCl on the corrosion
(Chapter 2) and tribocorrosion (Chapter 3 and 4) of orthopedic alloys, and
investigated the ability of this ROS to generate damage on metal sample
surfaces. Investigating an alternative hypothesis of in vivo damage, orthopedic
alloy interaction with electrosurgical currents, used as a standard operating
technique, were evaluated as a supplemental source of damage in addition to
cell-based mechanisms (Chapter 5). We further explored the capacity of
neutrophils, macrophages, and osteoclasts to directly produce surface damage in
response to normal stimuli (Chapters 6 and 7). Finally, HOCl production in vitro
was quantified in response to cathodic potential excursions, as would occur
during wear (Chapter 8).
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9.2. Corrosion and Tribocorrosion
HOCl was found to significantly affect the overall performance of
orthopedic alloys through the alteration of the electrochemical properties of the
solution-surface interface. Corrosion currents increased up to 3-orders of
magnitude in 30 mM HOCl solutions while the OCP of surface jumped to 612 mV
(vs. Ag/AgCl). The highly oxidative nature of HOCl (Eº = 1.482 V, vs. NHE)
increases the capacity for reduction at the surface which drives corrosion.
Natural production of HOCl in the body by neutrophils thus serves as an
important pathway by which biological processes may adversely affect an
implanted biomaterial. The HOCl concentration within a severely inflamed joint is
hypothesized to reach up to 50 mM54.
Surface potential of CoCrMo alloys dramatically increased as a result of
the oxidizing power of the solution. Likewise, corrosion currents increased after
the breakdown of the oxide film beginning with 5 mM HOCl solutions. Breakdown
of the protective surface oxide leaves the underlying alloy susceptible to
extensive corrosion since there is no resistive barrier to impede the transfer of
electrons across the interface. Thus, the degenerate oxide film leads to
electrochemistry-based damage modes such as grain boundary attack and
pitting.
The oxidizing power of the solution not only affects bulk corrosion but also
the tribocorrosion behavior of CoCrMo and Ti-6Al-4V surfaces by altering the
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oxidation and reduction processes at the surface. Tribocorrosion properties were
also affected by these solutions in both pin-on-disk and assembled head-neck
taper models. Short-term testing showed up to 3-fold increase in fretting currents
in 1 mM solution and a 5-fold increase in 5 mM HOCl conditions. Long-term
cyclic loading produced twice the fretting currents in 1 mM HOCl solutions over
the course of 1 million cycles. It is important to remember that wear does not only
occur at the bearing surface but also within the taper junction. One study
reported an average volumetric wear of 0.85 mm 3/year within the female, head
taper measured from retrieved implants63. Applying the Nernst equation:

𝑉=

𝑄𝑀
𝜌𝑛𝐹

And:

𝑄=

𝐼𝑑𝑡

Where V is the volume lost, in mm3, Mw is the molecular weight, in
mg/mol, 𝜌 is the density of the oxide, in mg/mm3, n is the number of electrons
transferred per mole of oxide formed, F is Faraday’s constant (96485 C/mol), and
Q is the total charge, in coulombs, found by integrating the current (I, in A) over
time, in seconds. We can find that 0.85 mm3/year equates to an average current
of 0.5 µA over the course of the year, which will include times of high wear
possibly driven by inflammation and times of no wear such as during sleep. The
study further showed that tapers removed for pseudotumor had greater
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volumetric wear rates compared to the non-pseudotumor group 63. It has also
been shown that the actual contact area within the taper is relatively small and
increases linearly with load, where at a load of 2 kN, the contact area was found
to be 5.5%154. A 12/14 taper with an 11-mm engagement length has a total
surface area of about 150 mm2. If we assume an average of 5.5% of this taper is
in contact over a year and a wear rate of 0.85 mm 3/year, we can calculate a wear
depth of 0.103 mm into the surface per year. Clearly, a significant amount of
material can be lost from the taper junction. While there is no consensus on how
much wear is “bad,” we can confidently say that HOCl, and likely other ROS,
increase the wear rate, contributing to larger yearly averages.
9.3. Positive Feedback Loop
The focus in the field up to this point, that the implant affects biology,
misses an important piece of the interaction between the body and a metallic
device. The results of this dissertation clearly show that biological molecules can
profoundly affect metal implants, highlighting the importance of a two-way point
of view in the field. It is important to understand the extent to which a positive
feedback loop can develop between a corroding metal surface in the body and
inflammation, where an increase in one causes an increase in the other.
In addition to the electrochemical effects on orthopedic alloy surface
shown in this work, extensive HOCl presence within the joint could have
significant biological implications for the local tissue. Research has long shown
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the ability of MPO-based oxidants to alter native bio-macromolecules 155 as well
as cause direct cell death to microbes 92. Oxidation of cholesterol156,
phospholipids157, proteins158, and DNA159 can all effect the function of cells and
lead to clinical problems including apoptosis and necrosis within a tissue 8,39,96,97.
Interoperative reports of revision surgeries often show corrosion debris and local
cell death at the boundary of the taper junction which is to be replaced 160. It is no
coincidence that the borders of modular junctions are also the locations where
electrochemical-based damage modes are observed 10,11. In addition, if immune
cells (e.g., neutrophils are immediately adjacent to the taper junction and can
release ROS directly into the crevice volume, then much higher local
concentrations of chemical species would be possible in the taper environment.
Indeed, some retrieval studies have shown significant fibrous/inflammatory tissue
formed around the modular taper immediately adjacent to the junction 160.
In this work, exposure to cathodic voltages were shown to result in HOCl
production within murine whole marrow cultures. A likely mechanism for this
response is the inflammatory reaction to DAMPs released from cells killed by the
local surface potential drop, driven by MAC processes. Inflammatory initiators,
such as DAMPs, adjacent to modular taper junctions could stimulate circulating
neutrophils to release HOCl at the edge of this crevice which may result in further
cell death. Additionally, modular taper junctions, being comprised of a smalllength scale crevice gap and volume, are susceptible to capillary processes,
which was shown in the late 19th century to be a voltage-dependent
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phenomenon161, because of the relationship of surface energy and capillary
pressure. Wicking of HOCl into the crevice could result in high local
concentrations generating a bolus of corrosion products released into the tissue
by corrosion or tribocorrosion processes.
Direct release of HOCl into the taper junction could lead to the elevated
metal ion levels in patients with ALTR (particularly Co and Cr) 84, which also have
been shown to possess increased neutrophil populations in the joint fluid 19. With
the addition of the work presented here, there is strong evidence that not only is
the ALTR due to high ion levels, but the high ion levels are also a result of
inflammatory attack; hence the positive feedback loop. In a sense, both result
from inflammation. High metal ion and particle concentrations represent a local
ROS attack of the taper junction, whereas ALTR indicate a more global, tissuedirected inflammatory event around these distributed particles disrupting natural
biochemistry, causing tissue damage. It is interesting that ROS are implicated to
cause negative effects all throughout the feedback loop, both on the device
surface and within the tissue.
9.4. Duplication of In Vivo Damage
Reproduction of pitting and intergranular corrosion by immersion in HOCl
solutions is another significant result of this work. An important aspect of
understanding how the body interacts with an implant to generate severe
damage is the ability to duplicate these features in a model system. Damage
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similar to that observed in retrieval studies was generated using HOCl as a
model of localized inflammation. An important aspect of this system, is that all
corrosion-based damage occurred through simple immersion, without externally
applied currents. External control of the potential above the transpassive
transition, where the protective oxide has broken down, will result in corrosion
and surface damage in a model which poorly represents the body. HOCl
solutions show the ability to raise the surface potential into the transpassive
region solely by altering the local balance of oxidation and reduction reactions.
Chemically altering the local environment is a natural mechanism of the immune
system. In this way, HOCl-based solutions provide a biologically relevant system
to model inflammatory processes at metallic biomaterial surfaces.
We have also characterized damage generated by the application of
electrosurgical currents near an implant surface. This common surgical technique
represents an alternative, potential damage source for orthopedic devices.
Damage occurred as a result of an arc plasma generated through the interaction
of sample surfaces with the high voltage electrode tip. Direct contact was not
requisite for arcing events, as damage was also produced through a small
thickness (3 mm) of simulated tissue (2% agarose gel). Surgeons may cause
damage indirectly (and unintentionally) in the process of achieving hemostasis
with electrosurgical currents.
Electrosurgery-based damage had a characteristic morphology which
served to explain certain observations in retrieved implants16, where similar
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features had been attributed to inflammatory-cell induced corrosion. These
specific features were different than the other corrosion-based damage modes in
that they were not isolated to a specific region of devices. Instead, they were
found on bearing and non-bearing surface with no correlation with the taper
junction16, as opposed to the corrosion damage described above. As such, the
discovery of electrosurgical damage to implants does not dismiss the
inflammatory-cell induced corrosion mechanism, but further refines the
hypothesis while introducing an additional damage source. In addition,
electrosurgical damage to CoCrMo surfaces generates Cr(VI) ions on the surface
that are known toxic species, and it alters the electrochemical and tribological
characteristics of the surface. Indeed, in metal-on-metal implants, where
significant evidence of electrocautery damage has been documented, flash
melting of the surface may significantly damage the bearing CoCrMo surfaces
and raise the wear susceptibility of these bearings. The consequences of such
damage have not been recognized or significantly studied to date.
9.5. Clinical Significance
Electrosurgical currents generated surface features which could aggravate
an immune response either initially or at a later time point. Inflated oxide regions
on the surface may be more susceptible to attack within the body, or may
produce atypical wear debris such as large sheets of TiO2 rather than small
particles. Additionally, the presence of Cr(VI) on the CoCrMo surface could
trigger a strong immune response through damage to local tissues. Similarly,
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Cr(VI) may have been generated in response to HOCl solutions. Cr(VI) has been
detected within the oxide as a result of potentiostatic testing where transpassive
voltages were used60. The stability of a chemical on a surface in a dilute aqueous
solution is affected by the potential of the interface and pH 162. Again, this is the
strength of the HOCl-based model where these potentials were reached in
simple immersion. While Cr(VI) was not directly detected, the lack of Cr on
surfaces immersed in 50 mM HOCl solutions along with the potential of the
surface suggests selective dissolution of chromate ions into solution may be
occurring. The difference from that measured in PBS solutions, here, and at
potentiostatic conditions60, could be the result of the local chemistry driving
corrosion versus an external current. The introduction of Cr(VI) into the body
through either mechanism could represent a significant source of biological
damage, possibly leading to ALTR.
HOCl may represent a significant factor in both the performance of the
implant and the overall health of the surrounding tissue. An understanding of the
interactions between HOCl and orthopedic alloy surfaces may help the field to
better comprehend causes of failure in the clinic. A better definition of the
problem may lead to more effective solutions through better materials choice,
component design, diagnostic tools, or therapeutic measures. Ultimately, the
significant effects of HOCl on the corrosion and tribocorrosion behavior of
orthopedic alloys is a piece of a complex, multifactorial problem that deserves
further exploration. The biological milieu is a complicated system which can affect
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the performance of biomaterials in ways we have yet to understand. In turn,
metallic devices within this complex environment can illicit direct, adverse
reactions within the local tissue, leading to failure.
It is also important to understand that HOCl is but one of many ROSbased species that may potentially interact with corroding metal surfaces. The
synergy between these (e.g., H2O2 and HOCl) may be significant and require far
less of either chemical to induce significant adverse corrosion processes. These
synergies have, as yet, not been investigated.
Failure of medical devices sometimes make it to the public eye in the form
of recalls and class action lawsuits. Some of the notable cases lately, have been
the ASRTM and PinnacleTM devices from DePuy Orthopedics (Warsaw, IN),
RejuvenateTM and ABG IITM from Stryker Orthopedics (Kalamazoo, MI), and
Modular SMFTM from Smith and Nephew (London, UK) to name a few. In these
recalls, a greater than normal failure rate has been deemed unacceptable
prompting action. Of course, these companies do not set out to have a device fail
in the patient. Instead, this highlights the complex interactions of device design,
surgical factors, and patient-specific biological reactions which all come together
to affect the overall performance of an implant. Within each of these groups lies a
multitude of factors which need to be studied further to aid in the understanding
of what leads to failure, driving better outcomes for patients.
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10.

Conclusion
Failure of orthopedic devices is a complex problem which adversely

affects patient quality of life through pain, instability, and the need for revision
surgery. The role the immune system plays in this failure is often overlooked and
not clearly understood. Most research in this area focuses on inflammatory
reactions to metal debris and corrosion products. This dissertation, however,
explored the opposite direction of interaction where an inflammation-based
molecule, HOCl, was shown to markedly affect corrosion and tribocorrosion
properties of orthopedic alloys and generate considerable damage during shortterm (5 days) immersion.
A 3-order of magnitude increase in corrosion currents in 30 mM HOCl
solutions represents an exponential increase in the rate of oxidation of the
metallic surface. This powerful oxidant released by neutrophils during
inflammation increases the reduction capacity within the solution, therefore
accelerating oxidation, raising the resting potential of the surface into the
transpassive region for the alloy causing oxide breakdown. While generally
thought of as biocompatible, this concept requires an intact passive film. Without
a passive oxide covering the surface, an actively corroding device will
continuously release metal cations into the local tissue. The altered
electrochemical nature of the interface also affected fretting corrosion by causing
an increase in currents over short- and long-term testing in HOCl solutions.
Million-cycle loading of a head-neck taper assembly in 1 mM HOCl solutions
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generated double the fretting currents compared to controls. Increased material
loss from an implant in vivo in the form of metallic wear debris represents a
continuous challenge to the immune system within the local tissue.
During this work, an additional damage mode was discovered and
characterized resulting from interaction between an active electrosurgical
electrode and alloy disks. Arcing between the electrode tip and sample
generated local melting damage and oxide buildup. This arc travel through 3 mm
simulated tissue and jump across 100 µm gaps between adjacent metal
surfaces. Damage generated in this study helps explain some modes observed
on retrieved implants and further refines the inflammatory-cell induced corrosion
hypothesis. Similar to HOCl-based damage, there is a possibility that the
byproducts from electrosurgical contact could initiate an inflammatory response
within the joint space.
In vitro experiments showed that murine whole marrow cells cultured on
cathodically-biased CoCrMo surfaces produced elevated levels of HOCl in
response to the electrochemical stimulation in mixed cell populations. HOCl was
detected above OCP controls in response to -1 V (vs. Ag/AgCl) surface
polarization for 2 hours by a selenium-containing BODIPY-based fluorescent dye
synthesized. Investigations of damage generation by classically activated
immune cells were also conducted but did not produce conclusive results.
Neutrophils stimulated by MSU generated faint signs of damage, but were limited
due to their short in vitro lifespan.
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Overall, this dissertation highlights the important role of the immune
system in long-term performance of orthopedic biomaterials. HOCl, in particular,
was shown to represent a fair model system of this interaction due to its effect on
metal alloy surfaces and the ability to directly generate corrosion damage such
as pitting and intergranular corrosion. The potential existence of a positivefeedback loop between a metallic device surface and local immune cells is a
hypothesis worth further explanation. Here, HOCl significantly affected the
corrosion and tribocorrosion response of orthopedic alloys which would serve to
release increased metal debris into the body. Additionally, reaction to potential
excursions shown here, was shown to increase production of HOCl, which would
further accelerate corrosion. This new knowledge can be combined with the
current understanding of immune response to corrosion products leading to
possible tissue damage resulting in ALTR and the need for revision.
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11.

Future Work
The work presented here showed a means by which the immune system

can affect the surface of an orthopedic alloy which could, in turn, amplify the
inflammation response near an implant. In this pathway, the result of more
inflammation is greater surface damage and influx of bioactive corrosion products
within the tissue, which may lead to ALTR. This hypothesis has been supported
and encouraged by the work in this dissertation, highlighting the need for further
exploration within the field. Development of this model, and further relation to the
in vivo, clinical environment will be an important next step for research in this
area.
In vivo testing of alloys constructs could reveal important information such
as immune cell recruitment to a device surface within the natural environment. A
model of fretting corrosion could be imagined where a small-gauge spring
wrapped around a Ti or CoCrMo rod inserted into the medullary canal of a rodent
would cause relative micromotion with each step. Metal particles would be
released from the surface as a result of the fretting, and investigations into cell
recruitment and activation within an in vivo system could be undertaken. The
native immune response could be studied at the device interface and in the
adjacent tissue in response to the MAC processes. The immune response is
dependent on a complex interplay of multiple cell types from a variety of areas,
which is a major limitation of in vitro studies. The challenge with this system
would be selection of a suitable animal model and proper device design to allow
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the most insight while causing minimal pain and discomfort. A larger rodent such
as rat or rabbit has a larger medullary canal allowing for more surface area of
fretting. Additionally, the larger bone structure of these animals may allow for
reduced impact of the device on natural behavior and walking gate, which needs
to be a top priority. While this model would certainly provide a close replication of
the biological environment where fretting and bearing surface articulation would
drive the release of debris into the local tissue, the production of particles may be
of a limited capacity due to the small size of the device or require lengthy
experiments to generate a significant amount of wear products. In this case, a
direct injection of varying wear and corrosion products into an animal joint
capsule might be an appropriate, accelerated model to monitor immune cell
activity to a large bolus of debris.
Continuing with the need for in vivo data, studies of the inflammation
processes within revision patients should also be considered. Recently,
electrochemical measurements of CoCrMo samples exposed to freshly acquired
joint fluid from knee revision patients showed elevated corrosion rates in
response to the reactive solution 27. The likely cause of the response is the ROS
contained in that fluid affecting the electrochemistry at the interface, as occurred
in this dissertation. Therefore, it is important to determine the nature of this
inflammatory solution through characterization of its ROS content. Direct test
methods to evaluate the chemistry within the solution immediately after removal
from the patient would offer tremendous insight into the ability of immune process
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to accelerate corrosion and wear of orthopedic devices. The ROS content of the
joint fluid would not only affect the metal surface, but also the local tissue.
Multiple ROS within the joint fluid may not cause a simple additive effect, but may
combine in a complex manner to amplify the corrosion of the surface and
damage within the tissue.
Within an in vitro system a more thorough understanding of cellular
response to surface potential is encouraged to investigate the effect this has on
immune cell response. Macrophages, for example, display a range of functions
and characteristics which depends on their environment and external signals.
Similarly, this model could be used to understand the effects of bias and wear
particles on the expression of the ROS-generating enzymes. An upregulation of
MPO, for example, would indicate a greater capacity for HOCl production. In vitro
testing should also be conducted to understand the effect of electrosurgicallygenerated surface damage on cells. Cell viability near these sites may be
affected due to the alteration of the oxide film as well as possible leaching of
Cr(VI) into media. Further, tribocorrosion studies are needed to characterize the
effects of the changed surface properties on wear.
More retrieval studies would add to the clinical significance of this work.
Evidence of cell-induced10,11,16 and electrosurgery52,53 damage has been reported
but it remains unclear if these observations bear clinical relevance and directly
affect the patient outcomes. It is unknown whether these processes result in the
manifestation of adverse events or simply occur concurrently with normal implant
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wear. In the case of electrosurgical damage, in particular, these events could
occur upon removal of the already failed implant. Studies that compare “failed”
implants to “successful” ones, removed from deceased patients, could be a
means to reconcile this missing information. For example, if a specific damage
mode is seen exclusively on the failed group, this points to a clinically significant
factor.
Another important aspect of clinical significance to consider is the patientto-patient variability with respect to immune response reactivity. An individual
with a highly sensitive reaction to specific metal ions will generate a different
response than a patient with a less reactive system. This is similar to the
question of why some individuals develop cancer and others do not. Very little is
known about the patient-specific response to metal alloys and why some devices
fail after a month and others can last 30 years. Developing better methods to
understand this phenomenon is important across medical research, including
orthopedic devices and biomaterials.
The issue of inflammation affecting the performance and outcome of
metallic biomaterials stretches beyond orthopedics. Other applications of metals
in the body include cardiovascular stents and the Essure System® (Bayer,
Germany) sterilization device. Excess inflammation surrounding metallic stents
has been identified as a possible culprit driving in-stent restenosis and neointimal
hyperplasia163. In these stents, corrosion and micromotion in an ROS-rich
environment may increase metal ion and oxide release, driving further
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inflammation. In the Essure® device, fibrosis around the implant is driven by
polyethylene terephthalate (PET) fibers surrounded by stainless steel and NiTi
coils and intended to prevent the release of eggs from the ovaries into the
fallopian tubes164. Lately, however, this device has come under scrutiny of the
U.S. Food and Drug Administration which has mandated a post-market
surveillance study (known as a 522) over concerns of adverse patient reactions
(FDA 522 number: PS160001). Excessive inflammation is proposed to be the
result of a hypersensitivity response to Ni ions leaching from the alloy165.
Inflammation is likely to affect the corrosion and tribocorrosion properties of these
metallic devices, similar to the effects of hypochlorous acid on orthopedic alloys
presented in this dissertation. The feedback between corrosion and inflammation
may be driving the complications within these systems, highlighting the need for
more exploration and understanding of this feedback loop across all areas of
biomaterials. The techniques used in this dissertation would provide a toolset for
investigation of these issues.
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Appendix A: Murine bone marrow isolation
1. Euthanize mouse according to Institution’s IACUC standards.
2. Spray lower back and hand legs with 70% ethanol.
3. Make an incision in each hind limb and dissect away skin to expose the
muscles.
4. Using sharp dissection scissors, cut away muscles from femur.
5. Dislocate femur by locating and cutting ligaments within acetabulum.
6. Separate femur from tibia by cutting knee joint ligaments.
7. Cut any remaining muscle connecting femur to body.
8. Immerse femur in 70% ethanol solution for 2 min then store in ice cold
media until all femurs are ready for next step.
9. In a petri dish under laminar flow remove any remaining muscle attached
to the femur.
10. Separate epiphyses from diaphysis with sharp scalpel.
11. Using a 10 mL syringe with a 25-gauge needle flush the shaft from each
end with complete media into 50 mL centrifuge tube by inserting the
needle slightly into end and applying gentle pressure until the marrow
releases. The flushed bone will appear translucent.
12. After all femurs are flushed, mix solution by gentle pipetting until marrow
pellets are sufficiently dissolved.
13. Strain cell suspension into fresh 50 mL centrifuge tube through a 100 μm
cell strainer.
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14. Count cells, centrifuge at 2000 rpm for 15 min, and resuspend at desired
concentration in complete media for plating.
15. Marrow can be further separated into specific cell types by various
methods if needed.
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Appendix B: Fluorescence staining of neutrophils
1. Fix cells in 4% paraformaldehyde for 1 hour at room temperature.
2. Wash 3x with ice cold PBS.
3. Heat sodium citrate buffer solution (10 mM sodium citrate, 0.05% Tween
20, pH 6.0) until boiling (~ 95 °C).
4. Add boiling buffer to each well (construct could not be directly immersed)
and allow it to sit for 5 min.
5. Carefully remove buffer without contacting surface.
6. Repeat steps 4 and 5 two more times.
7. Wash 3x with room temperature PBS.
8. Incubate cells in 1% BSA in PBS with Tween 20 (PBST) blocking solution
for 30 min.
9. Incubate cells with 1:100 Rat monoclonal Ly-6gG antibody and 1:250
biotinylated tomato lectin in 1% BSA in PBST for 1 hour.
10. Wash 3x with PBS.
11. Incubate cells with 1:500 Donkey anti-rat IGg conjugated to Alexa Fluor
488 and Alexa Fluor 568 conjugated streptavidin for 1 hour.
12. Add 300 nM DAPI and incubate for a further 10 min.
13. Wash 3x with PBS.
14. Image with corresponding filter sets.
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